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ABSTRACT
Using a combined 8 MHz pulse-echo and a 9.5 MHz continuous wave- 
transcutaneous Doppler system, a technique was developed to quantita te  
brachial a rte ry  peak v e lo c ity  noninvasively. The Parks Model 806 Doppler 
v e lo c ity  meter was shown to have a lin e a r  output which was accurate to 
v e lo c itie s  o f up to 70 cms”  ^ on a steady flow r ig  and on a p u ls a tile  r ig  
to have a lin e a r  frequency response to approximately 9 Hz.
Brachial a rte ry  peak ve lo c ity  measurements were obtained from 93 control 
subjects, (33 male, 60 female) and 58 unselected patients (44 male, 14 
female) admitted to the Intensive Therapy Unit o f St George's Hospital 
with chest pain. In a l l  subjects, record was made o f age, blood pressure, 
heart ra te , weight, and forearm skin temperature. In the p a tien t group 
the c lin ic a l condition was assessed by a physician using the Peel's  
Coronary Prognostic Index. There was a highly s ig n ific a n t d ifference  
(P < 0.001) between mean peak ve lo c ity  results in male (x 35.2 cms"^) and 
female (x 29.3 cms"^) control subjects. There was no such s ig n ific a n t  
difference (P > 0.05) between the mean peak ve lo c ity  in  the male (x 24.9 
cms”^) and female (x 27.5 cms”^) patien ts . There was a highly s ig n ific a n t  
difference (P < 0 .0 0 1 ) between mean peak v e lo c ities  in the male control and 
male p atien t groups. No such s ig n ific a n t d ifference (P > 0.05) was 
observed between the female groups.
Eight (14%) o f patient group died, 5 males and 3 females. In the male 
group there was a highly s ig n ific a n t d ifference (P < 0.001) in mean peak 
ve lo c ity  between patients who died (x 15.2 cms”^) and those who survived 
(x 26.2 cms’ ^ ). No such s ig n ific a n t d ifference (P > 0.05) was observed 
between mean peak ve loc ity  of female patients who died (x 20.5 cms”^) and 
survived (x 29.5 cms"^).
I t  is  suggested that brachial a rte ry  peak ve lo c ity  may be o f value to the 
physician as an index of cardiovascular performance in the c lin ic a l  
assessment and management o f patients with ischaemic heart disease.
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ERRATA
1. Page 21, lin e  4.
For 's tro ke1, read 'stroke volume’ .
2. Page 26, lin e  20.
For 'McCarty and Woodcock (1975)1, read '(1 9 7 4 ) '.
3. Page 31, line  20.
For 'dependant', read 'dependent'.
4. Page 35, lin e  8.
For 'p e r ip h a l', read ‘periphera l1.
5. Page 35, lin e  25.
For 'm inature ', read 'm in iature ' .
6. Page 39, 1i ne 19.
For 'a n a ly e r ', read 'a n a ly s e r'.
7. Page 50, lin e  3.
For 'p e r is t a l i t i c ' , read 'p e r is t a l t ic ' .
8 . Page 55, lin e  2.
For 'Doppler v e lo c ity ', read 'Doppler vo ltage '.
9. Page 73, Table 10.
For 'n Imperial = 3 3 ', read '2 7 ',  fo r 'n Hospital = 2 7 ', read '3 3 *.
10. Page 81, Table 14. _
For 'Non-Smokers (m ale )', read '35.2 x 5.9 SD 1.3 SE'.
11. Page 103, lin e  4.
For 'Nimura e t a l , 1973', read '1974 '.
12. Page 110, lin e  32.
For 'septacaemic', read 'septicaem ic'.
13. Page 112, lin e  10.
For 'fo rseen ', read 'foreseen'.
14. Page 122.
For Ref 124 read: 'McCarty, K, and Woodcock, J P, (1974). The 
ultrasonic Doppler s h if t  flowmeter -  a new development.
Biomed. Eng. 9_, 335-341 ‘ .
15. Page 122, Ref 130, 1ine 4.
For 'external a r te ry ',  read 'external carotid a r te r y '.
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Sec tio n  1 
L iterature  Review
i
CHAPTER 1
INTRODUCTION TO ISCHAEMIC HEART DISEASE
Ischaemic heart disease is  the term used to describe cardiac disease 
resu lting from myocardial ischaemia, usually of atherosclerotic  o r ig in .
In a fflu e n t countries, i t  is  the single most important cause of death 
(Ju lian , 1973;).
The an tiq u ity  of atherosclerosis (narrowing of the a rte r ie s ) exists  in  
the form on n o n -lite ra ry , paleopathological evidence. In 1852 Czermak, 
a young assistant of the Physiological In s titu te  in Prague, f i r s t  described 
ao rtic  c a lc if ic a tio n  in mummies of Ancient Egypt. Subsequently, Williams 
(1927) noted thickening of the intima of some a r te r ie s , together with a 
c a lc if ie d  thrombus in a Peruvian mummy (Leibow itz, 1970;).
The e a r lie s t  l i te r a r y  evidence suggesting a diseased state  o f the heart, 
comes from the Ebers papyrus. This most substantial Egyptian medical 
record was bought by Ebers in 1872 in Thebes, and may have been w ritten  
as early  as 1552 BC (Leibow itz, 1970;).
Renaissance authors were instrumental in providing well documented 
observations and ideas alluding to coronary atherosclerosis. However, i t  
is not u n til the 20th Century th a t coronary thrombosis appears in  the 
l i te r a tu r e , with the c lin ic a l m anifestation of an alarming increase in  the 
numbers of myocardial in fa rc ts  and sudden deaths. In fa c t ,  ju s t  over 50 
years ago, Wearn wrote, "Coronary thrombosis with in fa rc tio n  o f the heart 
as a c lin ic a l e n tity  is  a condition which is  generally classed among the 
ra r it ie s  of medicine" (Wearn, 1923;).
In 1940 the number of deaths ascribed to ischaemic heart disease in  
England and Wales was 22,141 (R egistrar General Review of England and 
Wales, 1950;). By 1975 the figure  had risen to 154,312 (O ffice  o f 
Population Censuses and Surveys, 1977a;). As Rose (1972) succinctly noted, 
ischaemic heart disease is the leading cause of death in  countries rich  
enough to be able to publish adequate s ta t is t ic s . Some o f the apparent 
increase has been p ara lle led  by an increase in the to ta l population and
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in the proportion surviving to middle and la te  l i f e  (Michaels, 1966;). 
However, a true increase in the incidence of c l in ic a lly  manifested 
ischaemic heart disease, is  re flec ted  by the rise  in  the age spec ific  
ra te , ie  the change in the death ra te  a t a p a rtic u la r age. Even when 
taking in to  account the changing fashion of death c e r t if ic a t io n ,  
refinements of diagnostic c r i te r ia  and a lte ra tio n  in the age structure  
of the population, there is  no doubt th a t the prevalence and incidence 
of ischaemic heart disease has reached epidemic proportions during th is  
century (Pomerance and Davies, 1975;).
Disease of the coronary a rte rie s  appears to be the re su lt o f a 
maladaptation to an in d u s tria lised  society. Although w ith in  Europe 
ris ing  rates of ischaemic heart disease no longer co rre la te  with an 
increase in  national income (Rose, 1972;), evidence suggests that the 
ris in g  incidence in less developed countries, is  closely linked with a 
promotion o f the in d iv id u a ls ' socio-economic status (Betrand e t a l ,
1974;).
I t  is  well established th a t coronary artherosclerosis is  present fo r  
many years p rio r to the appearance of c lin ic a l symptoms (Blumenthal and 
Jesse, 1974;). Endeavours to id e n tify  the 'a t  r is k ' ind iv iduals  are 
therefore valuable i f  a prevention programme is  to be developed 
(Kannel, 1976; Report by the Royal College of Physicians and the B ritis h  
Cardiac Society, 1976;).
Many factors have been associated with an increased s u s c e p tib ility  to 
ischaemic heart disease. Two of the most obvious variables th a t influence  
the incidence of the disease, are age and sex. There is an increase with  
advancing age showing a d is tin c t predominance in males (Ryle and Russell, 
1949;). Under the age of 45, ischaemic heart disease is  more than ten 
times as common in  males as females, dropping to only twice the fig u re  
between the ages of 45 -  60 (J u lia n , 1973;). Corresponding s ta tis t ic s  
fo r women lag some 1 0 - 2 0  years behind men in the c lin ic a l appearance 
of angina pectoris (see page 11) and myocardial in fa rc tio n  (see page 9 ) 
(Kannel and F e in le ib , 1972;). With a rise  in the incidence a f te r  the 
menopause, the d isp arity  between the sexes declines progressively, u n til 
la te r  decades when death rates are comparable (Pomerance and Davies, 
1975;). Other evidence suggests the m o rta lity  rate  is  a lin e a r  function  
of age in both sexes, showing no acceleration in incidence a t the
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menopause (Rose, 1972;).
Of the environmental influences which increase the risk  of coronary 
artery  disease, the high animal fa t  d ie t o f a ff lu e n t countries has 
received most a tten tio n . A strong corre la tion  exists between the 
average saturated fa t  content in  habitual d iets  and average serum 
cholesterol levels (Blackburn, 1976;). Furthermore, during the long 
term study a t Framingham, higher serum cholesterol levels were shown 
to preceed the development of ischaemic heart disease (Kannel e t a l ,
1961;). Since e s te r if ie d  and free  cholesterol are the main components 
found in  the intima o f a rte rie s  in atherosclerosis, a reduction o f serum 
cholesterol is  desirab le . In most people, the level can be reduced by 
dietary  re s tr ic tio n s , but in  others, chemotherapy is  necessary (Trusw ell, 
1976;). Evidence now suggests th a t i f  cholesterol levels are maintained 
below 160 mg/100 ml, the process of atherosclerosis is re v e rs ib le 9 
leading to reabsorbtion of a r te r ia l lesions (Dock, 1973; Armstrong, 1976;). 
Unfortunately, m odification of d ie t is  often overlooked u n til the f i r s t  
cardiac event. Since atherosclerosis begins a t b ir th , a d ie tary  
prevention programme should now be aimed a t the young by education of 
the parents.
Besides d ietary  causes of hyperlipidaemia, recent genetic studies show 
th a t in h eritab le  disorders of l ip id  metabolism lead to the raised level 
of very low density lipoprotein  and/or low density p ro te in , commonly 
found in ischaemic heart disease (Lewis, 1976;). Screening of f i r s t  
degree re la tiv e s  of the hyperlipidaemic p a tien t may lead to the early  
detection of high coronary risk  individuals (Epstein, 1976;).
D ietary sucrose has also been implicated as a coronary r isk  fa c to r  
(Sprague, 1966;), although the relevance o f the s ta t is t ic a l co rre la tio n  
has been questioned (Blackburn, 1976;). Experim entally, sugar has l i t t l e  
or no e ffe c t on plasma cholesterol and does not seem to lead to atheroma 
formation (s o ft fa t  deposits) (Trusw ell, 1976;). Various expert 
committees have made no recommendations concerning d ietary  sucrose and 
ischaemic heart disease. At the present time th e ir  prime objective is  
to reduce sucrose intake, so as to decrease the risks of obesity (Trusw ell, 
1976;).
Hyperlipidemia is  but one of the three major risk  factors in the
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development of atherosclerosis, the remaining two being hypertension 
and tobacco smoking. Early detection of mild and moderate hypertension 
is  desirable*since death from myocardial in fa rc tio n  or sudden death 
remains the major complication fo r  the hypertensive p a tien t (Smirk, 1972;). 
I t  appears th a t.th e  higher the blood pressure, the greater the risk  of 
developing ischaemic heart disease. Hypertension not only contributes  
to the disease process by accelerating the fa t ty  streaking of the aorta  
and coronary a r te r ie s , but also by increasing the work load on the l e f t  
v e n tric le  (Robertson and Strong, 1968; J u lian , 1973; Roberts, 1975;).
At p a rtic u la r  risk  is  the hypertensive' d iab e tic , since coronary arte ry  
disease is  twice as common in  th is  p a tien t compared with the non-diabetic  
hypertensive p a tie n t. Furthermore, hypertension is  more prevalent in the 
diabetic  population. Risk factors are accumulative and consequently 
ischaemic heart disease accounts fo r more than 50% of deaths in d iab etics , 
with onset a f te r  the age o f 20 (S co tt, 1975;). Animal experiments 
suggest that the heart of a d iabetic  animal is  more vulnerable to the 
anoxic e ffe c t of ischaemia, than the non-diabetic control (Hearse e t a l , 
1975;).
Recent prospective studies have shown a strong s ta t is t ic a l corre lation  
between tobacco smoking and coronary a rte ry  disease (Doll and H i l l ,  1964;). 
The average c igarette  smoker has a 70% greater chance of developing the 
disease than the non-smoker, an increased m o rta lity  r isk  being associated 
with the numbers smoked per day, and males in  the younger age groups 
(American Heart Association, 1970;). I t  appears th a t smokers are not 
only more prone to sudden acute coronary deaths, but also a shorter 
survival time in  association with these episodes (Spain and Bradess,
1970;). Furthermore, evidence suggests th a t c ig are tte  smoking leads to  
e a r l ie r  myocardial in fa rc tio n , the smoker presenting with the f i r s t  
in fa rc t around 53 years of age, the non-smoker 10 years la te r  (S chetter, 
1975;). Shorter coagulation times (Hawkins, 1972;), excessive levels  of 
carboxyhaemogTobin (Wald and Howard, 1975;) and rapid rises in  plasma 
free fa t ty  acids produced by c igare tte  smoking, may accelerate the 
pathological processes of atherosclerosis (Kershbaum e t a l , 1961;).
Obesity as a t r a i t  of a ff lu e n t countries is often im plicated as a 
s ig n ific a n t coronary risk  fa c to r. However, results from epidemiological 
and c lin ic a l studies provide c o n flic tin g  and inconclusive evidence.
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Life  insurance companies have shown th a t obesity is  associated with an 
increased m o rta lity  from cerebral and cardiovascular diseases. Furthermore, 
long term prospective studies carried out in the United States concur 
with th is  finding (American Heart Association, 1970;). However, 
inconsistencies have arisen , (M ichaels, 1966; Hoepker, 1975;) Montenegro 
and Sol berg (1968) finding no difference in weight and obesity between 
those dying from coronary heart disease and accidental causes. I t  is  
suggested th a t the apparent increase in the coronary death rate  may be 
a ttrib u ted  to the fa c t that the over-weight man, in p a rtic u la r , is  more 
prone to hypertension, hyperlipidaemia and diabetes. In the absence of 
these factors and c igarette  smoking, the coronary risk  fac to r from obesity  
is  only moderate (American Heart Association, 1970;).
Certain occupations carry with them inherent risks fo r  the development of 
ischaemic heart disease. Recent studies have shown that exposure to 
carbon disulphide in viscose rayon workers results in an increased 
incidence of the disease together with a less favourable prognosis
(Tomasini e t a l , 1974; Tolonen e t a l , 1975; S c h illin g , 1970;). Contrary
to th is  finding Vertin  (1975)»suggests there is  no s ig n ific a n t d ifference  
between s h if t  workers who aresand are not exposed to carbon disulphide.
Various geographical areas show s ig n ific a n t differences in the death rate  
from ischaemic heart disease (Punsar e t a l , 1975;). Recently, the 
mineral content of water has been implicated as an influencing fa c to r.
The higher m orta lity  rates in so ft water areas have been associated with 
the e ffe c t of a suboptimal intake of magnesium on the myocardium 
(Anderson e t a l , 1975; Crawford and Crawford, 1967;). Water borne
magnesium may, therefo re , exert a protective e ffe c t on residents in hard
water areas.
Medically orientated programmes presented by the media, have impressed 
upon the public the need to take regular exercise. Morris and Crawford 
(1958) provide evidence to show th at men in physically  active jobs have 
a lower incidence of ischaemic heart disease than those in sedentary 
occupations, and suggests the protective function of exercise in middle 
age. In a recent study i t  was shown th a t non-supervisory coal face miners 
had a reduced p o s s ib ility  o f dying from ischaemic heart disease than the 
-non-working miners,who die a t the average age of the standard population, 
suggesting the increased level of a c t iv ity  to have a protective function
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(Costello e t  a l , 1975;). However, a combination of smoking and obesity  
increased the death rate  in  both groups. Myocardial in fa rc tio n  pa tien ts , 
p artic ip a tin g  in  re h a b ilita tio n  programmes incorporating an exercise 
schedule, show an increased working capacity with no haemodynamic 
contra-indications (Ressi e t a l , 1975;). More recently physical exercise 
has been associated with an elevation o f high density lipoproteins (Enger 
e t a l , 1977;). I t  has been suggested th a t high density lipoproteins  
fa c i l i ta te  the uptake and metabolism o f cholesterol from the tissu e , 
thereby resu lting  in  a decreased risk  of acquiring coronary heart disease 
(Mjps, 1977;).
Certain facts concerning ischaemic heart disease have become misconstrued 
by the lay public. For example, there appears to be no concrete evidence 
to support the b e lie f  that a high intake o f caffeine increases the risk  of 
myocardial in fa rc tio n  (Heyden, 1975;). Likewise, alcohol consumption seems 
irre le v a n t to the atherosclero tic  process (Kannel and Woolsey, 1975;), 
although drinking is often associated with smoking in  the social s itu a tio n . 
Fortunately, however, s ta t is t ic a l evidence is  now ava ilab le  to im plicate  
oral contraceptives as a coronary risk  fac to r in  young women (Friedlander 
and S n e ll, 1975;).
Seyle (1955, c ited  Keele and N e il, 1965) defined stress as, "the sum o f  
a l l  non-specific changes caused by function or damage". Illn e s s  is  often  
the re s u lt o f the physiological attempt to re-estab lish  the normal state  
through hormonal changes. Emotional stress is  popularly acclaimed as an 
important fac to r in  ischaemic heart disease. Postulation and in tu it io n ,  
however, are inadequate, and a t the present time there is l i t t l e  s c ie n t if ic  
evidence to d ire c tly  correlate  stress and heart disease, since the 
subjective assessment o f an in d iv id u a l's  response to stress is  d i f f i c u l t  to 
q u an tita te . An attempt was made by Rusconi and co-workers (1975) to study 
the e ffe c t of occupational stresses on the incidence o f ischaemic heart 
disease in  bus drivers and conductors. Although there proved to be a 
s lig h tly  higher incidence o f ischaemic cardiopathies in  bus d riv e rs , the 
difference was not s ta t is t ic a l ly  s ig n ific a n t.
Throughout the h istory o f ischaemic heart disease, authors have been aware 
of the correlation between chest pain and stress o r , as W illiam  Harvey 
(1649) phrases i t ,  "an unquiet and anxious l i f e " .  Everard Home in  
reference to John Hunter's fa ta l heart attack notes, "death came suddenly 
in  consequence of a f i t  o f temper a t a meeting of the Governers of 
St George's H ospita l, October 16th 1793" (L iebow itz, 1970;).
Health and disease r e f le c t  in  part one's response to the stresses of 
l i f e .  Modern trends and a ttitudes  force the individual to react to a 
rapid ly  changing s itu a tio n  by m odification of behaviour patterns. However, 
physio log ically  the human body has not produced the. necessary genetic  
adaptations to cope e ffe c tiv e ly  with 20th century l iv in g . Sadly, the 
ever increasing death rate from coronary atherosclerosis is  a pathetic  
expression o f th is  maladjustment to the environment.
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CHAPTER 2
CLINICAL MANIFESTATIONS OF ISCHAEMIC HEART DISEASE
2.1 Pathology of Atherosclerosis
Many factors have been implicated in the genesis of atherosclerosis, 
however the essential nature of the disease is  as yet unknown. The f i r s t  
signs of the process are seen in early  childhood a ffec tin g  the thoracic  
and abdominal aorta and the coronaries, appearing as round or oval 
yellowish dots,covered by a connective tissue cap, elevated above the 
surface of the surrounding a r te r ia l intima (Braunwald, 1974; Pomerance and 
Davis, 1975;). These small l ip id  plaques, most common in the bends and 
bifrucations o f the a r te r ie s , coalesce to form " fa tty  streaking". Plaque 
lip id s  consist mainly o f free  and e s te r if ie d  cholestero l, s te ro ls , 
trig lycerid es  and phospholipids. In the 'normal' ao rta , cholesterol 
accounts fo r one th ird  o f the to ta l l ip id ,  but in atherosclerosis i t  is  
present to about 65 -  80% of the to ta l ,  the m ajority entering the a r te r ia l  
wall from the plasma, the remainder being synthesized in  s itu  (Pomerance 
and Davis, 1975;). In association with the l ip id ,  deep in the le s io n ,is  
found a band-like mass of f ib r in  which becomes a stenotic fibrous plaque, 
being of c lin ic a l importance when its  growth encroaches on the a r te r ia l  
lumen lim itin g  flow , or when complications such as c a lc if ic a t io n , u lce ra tio n , 
haemorrhage o r plaque rupture occur (Pomerance and Davis, 1975;).
Coronary occlusion can arise by e ith e r  plaque rupture, resu lting  in  extrusion  
of the l ip id  mass in to  the lumen, or by thrombus:formation on the fissured  
surface of the plaque by the aggregation o f p la te le ts  with the exposed 
l ip id  and f ib r in  pool. Subsequent recanalization can occur but seldom 
does an a rte ry  become an e ffe c tiv e  blood channel again (Pomerance and 
Davis, 1975;).
Coronary atherosclerosis can present c l in ic a lly  in four major forms; acute 
myocardial in fa rc tio n  (AMI), angina pectoris , sudden death and cardiac  
fa ilu re . Of p a rtic u la r in te re s t are AMI and angina pectoris .
2.2 Acute Myocardial In farc tio n
Death of myocardial ce lls  secondary to ischaemia, is termed myocardial
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in fa rc tio n . The cause in the m ajority  of cases is  found to be occlusion 
by thrombosis of the coronary a rte ry , in the ra tio  3 :2 :1 , l e f t  a n te rio r  
descending, r ig h t coronary and le f t  circum flex. However, Pomerance and 
Davis (1975) do point out th a t in  500 postmortems follow ing AMI, 6% were 
not associated with a thrombotic episode.
The most common symptom of in fa rc tio n  is  chest discomfort, predominantly 
in the sternal region, radiating to the shoulders, jaw and one or both 
arms. The p atien t may describe a t ig h t band across the chest, heavy or 
pressing. Unlike the pain of angina i t  is  seldom associated with exertio n , 
may be maximal a t onset and lasts fo r more than h a lf an hour. I n i t i a l l y ,  
the p a tien t with AMI is  usually pale , distressed, cold and persp iring , 
however when the pain is  controlled he may look well (J u lian , 1973;).
Adverse physical signs appear as a resu lt of early  complications. The 
pulse may be of normal volume and ra te , however in 95% of cases (J u lia n , 
1973;) disturbances of ra te , rhythm and conduction present as the most 
common complication. Serious arrhythmias may be associated with cardiogenic 
shock in approximately 10-15% of in fa rc tio n  patients (Whipple e t a l , 1972;). 
C h a rac te ris tic a lly  the patien t is  hypotensive with cold cyanosed 
extrem ities and a rapid small pulse. The low cardiac output is  in s u ff ic ie n t  
to compensate fo r  the high peripheral resistance, so a state  of hypoxaemia 
and acidaemia ensues. There is also an associated o lig u ria . In 75% of 
patients presenting with more than mild degree of cardiogenic shock the 
s ituatio n  rap id ly  deteriorates ending in death (Whipple e t a l , 1972;).
A second major complication of AMI is  congestive cardiac fa i lu r e . During 
the early  stages of p o s t-in fa rc tio n , the heart attempts to maintain an 
adequate cardiac output, despite impaired myocardial function , by increasing  
its  ra te . A sustained high heart ra te  often leads to cardiac fa tigu e  -and 
subsequent incomplete emptying of the le f t  v e n tr ic le , which resu lts  in  a 
raised le f t  ven tricu la r end-d iasto lic  f i l l in g  pressure (LVEDP) (Normal 0- 
12 mmHg).
Raised LVEDP resu lts  in an increased pressure and subsequent engorgement 
in  the d istensib le pulmonary veins and c a p illa r ie s . With a raised  
hydrostatic pressure, f lu id  is pushed in to  the a lveo lar spaces of the 
lungs producing pulmonary oedema which is  v is ib le  on the chest radiograph. 
The oedematous process is  fu rth e r enhanced by retention of s a lt  and water
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by the kidneys in  response to a reduced cardiac output. The s ituatio n  
impairs gaseous d iffu s ion  and reduces the e la s t ic ity  of the lungs,leading  
to laboured breathing, sweatiness, cyanosis and paroxysms of coughing 
producing fro th y , sometimes blood stained sputum.
In order to prevent excessive rises in pulmonary c a p illa ry  pressure, the 
pulmonary a rte rio le s  constric t to pose increased resistance to blood flow .
This increased pressure places a greater work load on the r ig h t ven tric le  
leading to elevated r ig h t a t r ia l  and ven tricu la r pressures, resu lting in  
r ig h t ven tricu la r fa i lu r e . This is  manifested c l in ic a lly  as a raised 
jugular venous pressure, peripheral oedema and enlargement of the l iv e r  
(Kelman, 1971;).
Other less common complications of AMI include pulmonary embolism, 
cerebrovascular accident and cardiac wall or p a p illa ry  muscle rupture.
Laboratory tests assist diagnosis of AMI. Certain enzymes present in  the 
cardiac- tissue are released by necrosis of the myocardium. Such enzymes 
include, creatine phosphokinase, aspartate transaminase and alpha hydroxy- 
butyric dehydrogenase which reach th e ir  peak serum levels some 18-24 hours, 24- 
36 hours and 24-48 hours respectively a fte r  the onset of in fa rc tio n . Seria l 
serum enzyme levels can not only aid diagnosis of in fa rc tio n  but also help 
assess the size of the lesion.
Sudden death ( ie  death with two hours) accounts fo r  25% of deaths from 
AMI -  of the remainder approximately 20-40% overall m o rta lity  is  seen 
(Ju lia n , 1973;). The risk  to the individual is  not only dependant on the 
extent and position of the in fa rc tio n  but also on previous accumulative 
r isk  factors (see Chapter 1 ). The patien t is  in  greatest danger during 
the f i r s t  few hours a fte r  the episode of pain, when dangerous arrhythmias 
may a rise . With the development of the Coronary Care Units f i r s t  seen in  
1962 in Toronto (Whipple e t a l , 1975;) the prognosis o f the p a tien t has 
ra d ic a lly  improved. The high s ta ff  to p a tien t r a t io ,  continuous 
electrocardiographic monitoring and a v a ila b il i ty  of resuscitation equipment, 
enables the rapid detection and am elioration of early  complications.
2.3 Angina Pectoris
The discomfort associated with angina pectoris , caused by tran s ien t cardiac 
ischaemia, is  usually provoked by exertion or emotional stress. The
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location of the pain is s im ilar to th a t described in  in fa rc tio n  but 
d iffe rs  in  nature and duration. The pain of angina comes on gradually , 
reaches a maximum and usually subsides a fte r  1-3 minutes. Seldom does 
i t  la s t longer than 15 minutes and is  re lieved by glyceryl t r in i t r a t e .
During the attack there may be a tachycardia, raised blood pressure and 
symptoms o f acute anxiety. D iffe re n tia l diagnosis is  made by assessment 
of the electrocardiograph and h is to ry .
As the atherosclero tic  process continues, attacks may be provoked more 
and more e a s ily , u n til the p a tien t may present with prolonged pain 
unassociated with exertion and is  described as unstable angina. In 
selected patients coronary artery  bypass surgery may be indicated (J u lian , 
1973; S chrire , 1963;).
2.4 Pathophysiology
Physiological control o f cardiac a c t iv ity  can be broadly divided in to  two 
categories, in tr in s ic  and ex trin s ic  regulation. Extrins ic  factors consist 
of nervous and chemical contro l. The conducting tissue of the heart is  
normally under the control of both divisions of the autonomic nervous 
system. The sympathetic system aris ing  from the upper four or f iv e  thoracic  
segments of the spinal cord, synapsing in  the cervical ganglia , to penetrate  
the myocardium (Gardner and Osburn, 1969;), acts to increase the rhythm icity  
of the pacemaker a lte r in g  ven tricu la r contraction, increasing the peak 
developed pressure and the maximum rate  of rise  of pressure (dP/dt max).
The action of the sympathetic nerves in  fa c i l i ta t in g  myocardial performance 
is  not well understood, but i t  is  thought th a t the post-ganglionic chemical 
tran sm itte r, noradrenaline, causes an increase in availab le  calcium ions 
essential fo r enhancing biochemical energetics.
Parasympathetic fib res  orig inating  from the medulla,synapse with the post­
ganglionic fib res  located w ith in  the heart i t s e l f .  Cardiac ganglion ce lls  
are mainly situated around the si n o -a tr ia l and a tr io -v e n tr ic u la r  nodes. 
Stim ulation of the vagus nerve has a depressant e ffe c t on the cardiac  
pacemaker producing decreased peak le f t  ve n tricu la r pressure and LV dP/dt 
max (Berne and Levy, 1972;).
The two components of the autonomic nervous system act an tag o n is tica lly , 
however, in  the normal individual parasympathetic tone is  predominant.
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Chemical in te rac tio n  of the acetylcholine from the parasympathetic 
term inals, with noradrenaline e ffe c tiv e ly  in h ib its  sympathetic a c t iv ity .
Cardiac performance can also be e x tr in s ic a lly  regulated by certa in  hormones 
including those from the adrenal medulla and cortex, the thyroid gland and 
the an te rio r p itu ita ry .
In tr in s ic  regulation of cardiac performance depends on the inherent a b i l i t y  
of the cardiac muscle to adapt to changing haemodynamic conditions, and 
involves the resting length of the myocardial c e lls . This adaptive process, 
referred  to as S ta rlin g 's  law of the heart or the Frank-Star!ing mechanism, 
suggests th a t the greater the in i t ia l  f ib re  length, the greater the strength  
of myocardial contraction. Changes of myocardial performance which are 
independent of f ib re  length -  fo r example, due to nervous stim ulation or 
chemotherapy, are termed changes in the c o n tra c t ility  of the heart. Among 
others, increased venous return and raised peripheral resistance causing 
v en tricu la r d ila tio n  lead to an increased f ib re  length which enables the 
v en tric le  to pump a greater stroke volume. However, d ia s to lic  f ib re  length 
can reach a c r it ic a l value beyond which overstretching occurs having a 
asymptotic e ffe c t on the pumping capacity of the heart (Berne and Levy,
The Frank-Starling mechanism can be most c le a rly  represented in graphical 
form (Figure 1 ). An index of v en tricu la r performance such as cardiac
1972;).
Index o f
V entricu lar
Performance
Changes in  
C o n tra c tility
Index of Fibre Length
figure i  -
V entricu lar Function Curves
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output, stroke work (the product of the mean a r te r ia l pressure and stroke 
volume) or stroke volume is  p lo tted  on the ordinate and an index o f f ib re  
length such as ven tricu la r circumference, mean a t r ia l  pressure, l e f t  
ven tricu la r end d ia s to lic  volume (LVEDV) or pressure (LVEDP) on the 
abscissa. The more common axes are le f t  ven tricu la r stroke work (gram 
metres) against LVEDP (mmHg) (Berne and Levy, 1972;).
I t  became apparent from work carried out by Sarnoff and his colleagues 
(c ited  by Keel and N e il, 1965;) that ven tricu la r performance was not 
represented by a single curve but by a fam ily of ve n tricu la r function  
curves. Changes o f ven tricu la r performance in  association with a lte ra tio n  
of f ib re  length occur on one p a rtic u la r  curve. Factors which cause an 
individual to move from one curve to another with no a lte ra tio n  of f ib re  
length represent true changes of myocardial c o n tra c t ili ty . A s h if t  of the 
curve to the le f t  indicates an increase in c o n tra c t il i ty , to the r ig h t , an 
impairment of function and a tendency towards fa ilu re  (Figure 1 ).
Mechanisms fo r the control of cardiac a c t iv ity  are complex and necessarily  
interdependent.
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CHAPTER 3
TECHNIQUES AVAILABLE FOR THE ASSESSMENT OF CARDIAC FUNCTION
The techniques fo r  the evaluation o f cardiac performance can be broadly 
divided in to two categories, noninvasive and invasive techniques.
Table 1 l is ts  some of the more common indices used in the assessment of 
the c o n trac tile  performance o f the heart. In recent years, invasive 
methods o f assessment have consisted of measures of muscle function and 
pump performance. The la t te r  re la tes  to the mechanical performance of 
the heart as a pump and parameters of the former attempt to characterize  
the myocardium as a muscle (Parmley, 1973;).
3.1 Noninvasive Indices
A noninvasive approach to establish an index of cardiac performance, 
has been to study the durations of various phases of cardiac a c t iv ity  
(Martin e t a l , 1971; Ahmed e t a l , 1972;). Systolic time in te rv a ls , (S T I) 
f i r s t  defined by Wiggers (1921) include, to ta l mechanical systole (QS2 ) » 
the l e f t  ven tricu la r e jection time (LVET), the pre-e jection  phase (PEP) and 
the ra tio  PEP/LVET. The re lationship  of the phases in l e f t  v e n tric u la r  
systole in the normal individual can be seen in Figure 2.
PEP
A ortic  Pressure
LV Pressure 
ECG
FIGURE 2
, Relation of the Measured Systolic Time In terva ls  to the Cardiac Cycle
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TABLE 1
Indices o f Cardiac Performance
A -  NONINVASIVE
1. Systolic  time in terva ls  -  Isovolumic contraction time or
to ta l mechanical systole (QS2 )
-  L e ft ve n tricu la r e jection  time (LVET)
-  Pre-ejection period (PEP)
-  Combination of LVET/PEP
2. Echocardiographic measurements o f ven tricu la r dimensions and 
wall thickness
3. Ballistocardiography  
B -  INVASIVE
(a) Indices of Muscle Function
dP1. LV /d t  (maximum rate  of r is e  of l e f t  ven tricu la r
pressure)
dP2. /d t/C PIP  (Common peak isovolumetric pressure) 
dP3. /d t / I I T  (In tegrated  isovolumetric tension)
4. Force ve lo c ity  re la tions  -  Vmax
(b) Indices o f Pump Performance
1. Cardiac Output
2. V entricu lar function curves -
f i l l i n g  pressures or end d ia s to lic  
volume
stroke volume 
stroke work-
3. Ejection frac tio n
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Due to the noninvasive nature of the technique, STI have been used to 
evaluate a number of cardiac malfunctions including severe a o rtic  valve 
disease, (Parsi e t a l , 1971;) heart fa i lu r e ,  (Weissler e t a l , 1968;) and 
in p a rtic u la r AMI (Weissler e t a l , 1969; Samson, 1970; Diamant and 
K ill ip , 1970; Sharratt and Carson, 1975;). Shortening of the QS£ and 
LVET (Toutouzas e t a l , 1969;, Bennett e t a l , 1971;) and prolongation 
of PEP (Diamant and K i l l ip ,  1970;) were considered to be useful diagnostic  
and prognostic indicators in patients with in fa rc tio n  (Wertheimer, 1973;). 
However, Hodges and co-workers (1972) found not only a poor pred ic tive  
value of STI measurements, but also noted s im ila r abnormalities (in  
p a rtic u la r prolonged PEP) in  AMI patients and those admitted to the 
coronary care u n it with chest pain of non-cardiac o rig in  (P e r lo ff  and 
Reichek, 1972;). Furthermore, the low corre lation  found between STI and 
d ire c t haemodynamic measurements of l e f t  ven tricu la r end d ia s to lic  
pressure, (LVEDP) (Hamosh e t a l , 1972;) lim its  the v a lid ity  of these 
indices in the assessment o f l e f t  ven tricu la r performance in AMI pa tien ts .
Echocardiography is  a re la t iv e ly  new noninvasive technique, in which an 
ultrasonic beam is directed in to  the heart and subsequently re flec ted  from 
f lu id  tissue interfaces..(Corday and Swan, 1973;). With th is  method i t  is  
possible to accurately record cardiac dimensions (Popp e t a l , 1969;), 
myocardial wall thickness (Sjogren e t a l , 1970;) and valve movement 
(Personal communication, Bennett, 1977;}.
Recent studies have shown the rep ro d u c ib ility  of echocardiographic 
measurements by independent observers, o f l e f t  ven tricu la r dimensions and 
mass in various types of chronic heart disease (Rackleye t a l , 1973;). 
Although technical d i f f ic u lt ie s  are sometimes encountered in  obtaining  
adequate echocardiograms in obese p atien ts , or those with th ick  chest 
w alls , i t  is  hoped th a t the application o f ultrasound fo r  the measurement 
of LV volume and mass w ill  prove a promising, though expensive, noninvasive 
technique in  the assessment of ven tricu la r function in heart disease.
Ballistocardiography, the measurement of the body's movement caused by 
the action of the heart, o r ig in a lly  described by Gordon in  1877, is  a 
very sensitive index of cardiovascular function (Baan, 1973; S ta rr ,
1964;). U ntil recen tly , the c lin ic a l application of the technique has 
been lim ited  due to the cumbersome nature of the equipment necessary to  
provide a v ibration  free  environment. Subsequently, Wright (1975) has
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developed a portable ballistocardiograph in the form of a small 
accelerometer, which can be placed on the body and needs no fixed solid  
base as a point o f reference. The v a lid ity  of th is  new technique 
remains to be-tested*_but looks promising.
3 .2  Invasive Indices
3 .2  (a) Indices of Muscle Function
Observations have shown th a t the maximum rate of rise  of l e f t  ven tricu la r  
pressure (LV dP/dt max) is p o te n tia lly  a useful parameter of cardiac 
performance (Reeves and Hefner, 1962; Rushmer, 1964;). Increase in  myocardial 
contract!* 1 i ty  produced as a resu lt of the adm inistration of a d ig ita l is  
glycoside (Mason and Braunwald, 1963;), norepinephrine and isoprenaline  
(Immink e t a l , 1976;) lead to a corresponding increase in LV dP/dt max.
However, LV dP/dt max is  not an independent index, changing with the load 
conditions of the heart. Evidence c ited  in  the lite ra tu re  is non-uniform 
as to the e ffects  of varying preload (v en tricu la r end. d ia s to lic  f ib re  
length) and a fterload  (a r te r ia l d ia s to lic  pressure) on LV dP/dt max.
Mason (1969) suggests th a t increases in  the preload produced by e ith e r  
increase in  end d ia s to lic  volume or pressure resu lts  in an elevated LV dP/dt 
max, a re su lt refuted, by Immink and co-workers (1976) who showed on 
adm inistration of norepinephrine or isoprenaline a rise  in LV dP/dt max 
concurrent with a diminished le f t  ven tricu la r end d ia s to lic  pressure. 
Furthermore, Mason (1969) suggests an increase in  a r te r ia l d ia s to lic  pressure 
w ill  be re flected  as a rise  in  LV dP/dt max. Immink and co-workers (1976) 
found an in s ig n ific a n t e ffe c t of a r te r ia l d ia s to lic  pressure on LV dP/dt max 
and Van den Bos and co-workers (1973) could fin d  no consistent change in  the 
index with increased a r te r ia l pressure in  anaethetized open chest dogs. I t  
is  obvious therefore th a t LV dP/dt max is  of lim ited  usefulness as a 
q u an tita tive  index of cardiac performance.
Certain derivatives have been developed, which attempt to be less dependent 
on the cardiac load conditions than LV dP/dt max. For example, the 
re la tio n  of dP/dt to peak common developed isovolumic pressure ((dP/dt)/CPIP) 
(Mason e t a l , 1971;) has been suggested, when a s itua tio n  of constant 
preload with changing a r te r ia l d ia s to lic  pressure ex is ts . Conversely, with  
a lte rin g  end-d iasto lic  volume or pressure and constant a fte r lo a d , the ra tio  
of the dP/dt to the integrated systo lic  isovolumic tension (d P /d t/T IT )
(Siegel and Sonnenblick, 1963;) is a more accurate measure of c o n tr a c t i l i ty ,
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since i t  is independent of va ria tio n  in the preload.
As research aims fo r  the ideal independent index of cardiac performance, 
pressure derivations become more complex and less easy to equate to the 
physiological s itu a tio n  (Van den Bos e t a l , 1973;). Furthermore, measurement 
of the necessary parameters can only be obtained by invasive catheteriza tio n  
techniques (Swan and Ganz, 1973;) which carry a morbidity and m o rta lity  
risk  and therefore are unsuitable fo r re p e tit iv e  studies.
The three component mechanical model used to describe the co n tra c tile  
properties of skeleta l muscle, has proved valuable in  the consideration  
of cardiac muscle (Berne and Levy, 1972;). The model consists of a 
co n trac tile  element (CE) which a t rest is  fre e ly  extensible but on 
activation  develops a force and shortens, an e la s tic  element (SE) in  
series with CE and a p a ra lle l e la s tic  component arranged in p a ra lle l with  
the CE.
Studies using cat. p a p illa ry  muscle preparation (Sonnenblick, 1962; Parmley 
and Sonnenblick, 1967;) have established th a t one of the fundamental 
characteristic-propertiesof the co n trac tile  element is the force ve lo c ity  
re la tionsh ip . I t  was shown that the in i t ia l  ve lo c ity  of shortening o f the 
muscle decreases with increasing load (Figure 3 ).
max
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I f  the curve is  extrapolated to zero load,the ve loc ity  of shortening is  
maximal and is  termed Vmax (Berne and Levy, 1972;). Since Vmax is  
independent of the in i t ia l  muscle length (preload) and a fte rlo a d ,
(Sonnenblick e t a l , 1969;) i t  was considered to be a sensitive index of 
the co n trac tile  state  of the myocardium, (Mason, 1969; Covell e t a l , 1966; 
Taylor e t  a l , 1967;) and of s ig n ific a n t use in the evaluation o f heart 
disease patients (Hugenholtz e t a l , 1970;). However, Nejad and co-workers 
(1971) suggest, th a t although extrapolation to Vmax is  appropriate fo r  the 
iso lated p a p illa ry  muscle, i t  may be incorrect when considering the in ta c t  
heart, p a rtic u la r ly  as the zero load s itu a tio n  does not e x is t in the le f t  
ven tric le  during cardiac contraction (Van den Bos e t a l , 1973;). Furthermore, 
since doubts now e x is t as to the v a lid ity  of the o rig ina l mechanical model, 
(Else and Noble, 1972;) the use of Vmax as an index of myocardial performance 
is suspect (Kreulen e t a l , 1975;).
3.2 (b) Indices of Pump Performance
The most important function of the heart as a pump is the e ffic ie n c y  with  
which i t  expels a required amount o f blood. In a closed c ircu la to ry  system 
the output of the heart is  in ex tricab ly  interdependent on the venous return  
and consequently r ig h t a t r ia l  pressure. Therefore measurement of cardiac  
output (CO) may give an in s igh t in to  the overall status of the c irc u la tio n . 
Indeed evaluation of cardiac, output in  AMI with and without shock (Broch 
e t a l , 1959;) has proved useful as a monitor to a theraput.ic programme 
(Gunnar e t a l , 1966;).
U ntil recen tly , the most accurate method used in  CO determination was the 
d irec t Fick technique (Berne and Levy, 1972;). The p rin c ip le  applies the 
law of conservation of mass and c lin ic a lly  involves the measurement of 
oxygen consumption over a given time in addition to blood oxygen analysis  
from peripheral and pulmonary a rte ries  (Keele and N e il, 1965;). Since 
recordings must be made with the p a tien t in a basal s ta te , th is  technique 
is  unsuitable fo r  patients with acute in fa rc tio n .
The Fick technique has been challenged by ind icator d ilu tio n  techniques 
(Kelman, 1971;) whereby CO is calculated from the mass o f dye in jected  and 
the area under the tim e/concentration p lo t. However, dye d ilu tio n  requires  
a r te r ia l puncture and has recently  been superceeded by therm odilution  
(Ganz e t  a l , 1971;). With the use o f the flow directed balloon ca th e ter,
CO can be measured using the thermodilution technique in  AMI patients w-ith
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minimal r isk  (Ganz and Swan, 1973;).
Measurements of CO enable values of stroke volume (volume ejected per 
beat) to be calculated. L e ft ven tricu la r work per beat can be determined 
as the product of the stroke and the mean ao rtic  pressure (Berne and Levy, 
1972;). Plots of stroke work (gm.m/beat) and le f t  v e n tricu la r f i l l i n g  
pressure are used to describe LV function by analysis o f S ta rlin g  curves.
By calcu lating  body surface area, various useful parameters o f cardio­
vascular assessment have been derived and include Cardiac Index (Rackley, 
1973;) and Stroke Work Index (Chattertee and Swan, 1973; Prakash e t a l , 
1972;).
F in a lly , the e jection  fra c tio n , ie  the percentage o f the LV volume 
ejected per beat measured by various radiographic (Beranek e t  a l , 1976;) 
and isotopic techniques, can provide very useful information as to the 
overall performance o f the LV. I t  has been suggested by Rigo arid 
co-workers (1974) th a t se ria l changes in LV e jection frac tio n  follow ing
in fa rc tio n  may allow objective prognosis and act as a guide to^herap y.
/ '
I t  can be seen th a t many p o te n tia lly  valuable indices o f cardiac  
performance in the AMI patien t can be obtained by noninvasive and invasive  
methods. To date, however, noninvasive indices ava ilab le  are 
unsatisfactory. STI analysis being time consuming and o f questionable 
value; echocardiography complex and expensive. Conversely, although 
catheteriza tion  provides a more comprehensive range o f data, i t  is  
traumatic and generally unrepeatable, being costly in s k ille d  manhours 
and presenting possible complications including occlusion (Jeresaty and 
Liss, 1968;), thrombus formation (Barnes e t a l , 1974;) or peripheral 
embolization (Barnes e t a l , 1973;) and knotting o f the catheter 
(Personal Communication, Bennett, 1976;).
Therefore the need s t i l l  exists to develop an index of cardiac performance, 
which id e a lly  should be noninvasive, harmless and repeatable, obtained 
on-line  by a paramedical personnel who has received a minimal period of 
tra in in g .
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CHAPTER 4
TECHNIQUES FOR THE MEASUREMENT OF BLOOD FLOW, ACCELERATION AND VELOCITY
The oldest and most extensively used method of estimating blood flow , 
f i r s t  described by Swammerdamm in 1732 (Roberts, 1974*,) is  plethysmography. 
E ssentia lly  a limb, fo r  example, the forearm, is  surrounded and sealed in  
a w a te r-tig h t chamber. The p rin c ip le  is  simple*in th a t changes in  the 
volume o f the limb when the venous-return is  occluded, resu lts  in the 
displacement o j a measurable quantity of water, which can be ca lib rated  
in terms of volume flow of blood in to  the limb (Ganong, 1975;). One of 
the main objections to the technique is  the a r t i fa c t  due to muscular 
movement and changes in tone (Hamilton, 1965;).
As a refinement of the technique, the mercury s tra in  gauge was introduced 
by Whitney (1953) measuring the increase in limb volume by detection of 
changes in the e le c tr ic a l resistance of a th in  rubber tube containing 
mercury, which is  strapped around the limb. Subsequent developments 
include e le c tr ic a l impedance (H il l  and Hope, 1976;) and photoelectric  
plethysmography (Challoner, 1976;).
Two, more precise, methods fo r  measuring blood flow and v e lo c ity  are the 
electromagnetic and ultrasonic techniques. The p rin c ip le  involved in  
electromagnetic flowmeters applies Faraday's Laws of electromagnetic 
induction and assumes the blood to be an e le c tr ic a l conductor which moves 
in a d irec tion  perpendicular to a magnetic f ie ld .  The induced voltage is  
then proportional to the magnetic f ie ld  strength and the blood v e lo c ity . 
For an a x ia lly  symmetrical ve lo c ity  p ro f i le , the voltage output of a 
c y lin d ric a l vessel is  proportional to the average ve lo c ity  over the 
cross-sectional area and thus to the flow through the pipe (M il ls ,  1972;).
The electromagnetic method fo r measuring flow in blood vessels was f i r s t  
described by Kolin (1936). The three basic types of electromagnetic 
transducers are the cannula device, in which the blood flows from the cut 
ends of the blood vessel through an insulated pipe; the perivascular or 
cuff transducer which is  placed d ire c tly  around the vessel wall and the 
in travascular or electromagnetic catheter t ip  flowmeter (S te in , 1972;) 
which is inserted in to  the vessel (M il ls , 1972;). A ll of these techniques 
are invasive.
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4.1 U ltrasonic Techniques
Techniques fo r  the measurement of blood ve lo c ity  using ultrasonic devices 
have developed in four areas; phase-shift detection, pulse tra n s it  time 
measurements, continuous wave Doppler and pulsed Doppler systems.
4.1 (a) Phase-shift
The phase-shift system fo r  the measurement of v e lo c ity , records the phase 
difference between pulsed or continuous wave sound tra v e llin g  upstream and 
downstream between two cy lin d ric a l transducers placed on the outside of 
the vessel (Kalmus, 1954; Haugen e t a l , 1955;). To increase s ta b i l i t y ,  a 
la te r  system was devised which employed FM sound (Franklin  e t a l , 1969; 
Franklin , 1970;). However, instrumentation necessary to detect very small 
v e lo c ities  has proved extremely expensive, and subsequent development of 
th is  technique has therefore been lim ited  (McDonald, 1974;).
4.1 (b) Pulse tran s it-tim e
The pulsed ultrasonic flowmeter u t i l is in g  the pulse tra n s it-tim e  technique 
fo r the measurement of blood v e lo c ity , was f i r s t  reported by Franklin et al 
(1959) and subsequently characterised in more d e ta il by Franklin and 
co-workers in 1962 and Baker in 1966. The p rin c ip le  of the flowmeter is  
simple. The tran s it-tim e  of sound between two points depends on the 
ve lo c ity  of the sound with respect to the medium and the v e lo c ity  of the 
medium, ie  sound w ill  travel fa s te r downstream than upstream. When two 
crystals are placed diagonally opposite e ith e r side of the blood vessel, 
each may act as a transm itter or receiver i f  the pulse emitted is  short 
compared with the tra n s it  time across the vessel. Bursts of sound rap id ly  
transmitted a lte rn a te ly  up and downstream, develop a voltage which is  
proportional to the d ifference in the upstream-downstream tra n s it  times.
This voltage can be recorded and calib rated  in  terms of flow . The system 
is however only m arginally stable involving complex timing c ir c u it ry ,  
(Franklin  and Van C itte rs , 1968;) requiring surgical im plantation o f the 
r ig id  cu ff transducers around the a rte ry  and is  hence o f lim ited  usefulness.
4.1 (c) Continuous Wave Doppler
The ultrasonic  Doppler technique applies the Doppler p rin c ip le  which s ta tes , 
that i f  there is  re la tiv e  motion between a transm itter and receiver, there  
w ill  be a change in frequency of a wave detected by the receiver which is  
proportional to the ve lo c ity  of the medium. The lin e a r  changes of frequency
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can be additive or subtractive depending on whether the re fle c tin g  surface 
is  moving away or towards the transm itter (W ells, 1969;). As with the 
electromagnetic technique, Doppler devices fo r  measuring blood ve lo c ity  
can be of three kinds; the catheter t ip  Doppler u ltrasonic probe (S tegall 
e t a l , 1967;), the Doppler cu ff transducer, and the transcutaneous Doppler 
probe (Rushmer e t a l , 1966;).
Certain crystal materials*such as lead zirconate or barium tita n a te  can 
e x h ib it a phenomenon in  which deformation of th e ir  shape occurs when a 
voltage is  applied across them. This so-called p iezo e lec tric  e ffe c t can 
be used as an o s c illa to r  to produce u ltrasonic frequencies. When a 
continuous beam of ultrasound from such a crystal is transm itted towards a 
blood vessel, the re flected  signal from the moving blood corpuscle w ith in  
the vessel is  received by a s im ila r adjacent crystal mounted a t the t ip  of 
a probe. The frequency s h if t  o f the back-scattered ultrasound is  
proportional to the blood ve lo c ity  according to the form ula:-
A Fc
V = —2F cos 9
frequency s h if t  (Hz) 
transmitted frequency (Hz) 
ve lo c ity  of sound in tissue (15.4  x 10^ cms ^)
the angle of 1ncidence.between the ultrasonic beam 
and the axis of the a rte ry
Early instruments fo r  measuring blood ve lo c ity  operated a t 1.5 or 2 MHz, 
however la te r  models use around 10 MHz, giving shallower penetration but 
sharper focus and b ette r discrim ination between adjacent veins and a rte r ie s .  
In addition , the higher ultrasonic frequency enables the sh ifted  frequency 
to be in  the middle, rather than the lower end of the audible range (Yao 
and Needham, 1970a;).
Transducer s ize , shape, and the orien ta tio n  of crystal mounting, w il l  a ffe c t  
the sample volume from which moving p a rtic les  can produce a Doppler s h if t .
V isua liza tion  of the sound f ie ld  using a Schlieren optical system (Harding 
and Baker, 1968;) enables the geometry of the in teracting  u ltrasonic
where: AF =
F = 
c = 
cos 0 =
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beams to be studied. However, since i t  is  possible to detect Doppler 
signals from regions outside those imaged by .Schlieren optics (Baker and 
Yates, 1973;) the system is  lim ited  in  determining sample volumes.
Recently, a system was devised whereby a small underwater je t  seeded with  
s ilicone  anti foam emulsion representing a 'v e lo c ity  l in e 1 is  moved through 
the sound f ie ld  (the area of in teraction  between transmitted and received 
signals) enabling the geometry of the sample volume to be determined (Baker 
and Yates, 1973;). For optimum Doppler signals the sample volume should 
in tercept the moving stream.
Doppler signals can be analysed in  four ways,; by ear in the form of an 
audible s ign a l, by a band-pass f i l t e r  (Kaneko e t a l , 1968; Yao and Needham, 
1970a;), by spectral analysis or by a ratemeter. Since blood corpuscles 
move fa s te r a x ia lly  than near the walls of the vessel, a spectrum of 
frequencies varying with the v e lo c ity  p ro file  and the width of the u ltrasonic  
beam is  returned (M il ls , 1972;). Consequently, accurate information from 
the Doppler signal can be best obtained by audio-spectral analysis (Kaneko 
e t a l , 1966; Matsuo e t a l , 1973; Hall and Clarke, 1974;). The sound is  
analysed to. produce a time frequency p lo t on the x and y axes resp ective ly , 
the amplitudes being represented by the degree of blackening of the 
recording paper (W ells, 1969;). The output appears as a shaded ou tline  of 
an area which is d i f f ic u l t  to analyse. Although the technique re ad ily  
shows the highest frequency re la tin g  to centre stream v e lo c ity , in  low 
ve loc ity  regions, resolution is lim ited  by f i l t e r  lim ita tio n s  (Lunt, 1975;). 
The complexity and expense of spectral analysis of Doppler signals does 
not seem to be ju s t i f ie d  in the m ajority  of investigations.
An a lte rn a tiv e , inexpensive, commercially availab le  ve lo c ity  meter obtains 
the average Doppler frequency s h if t  from the moving corpuscles using a 
zero-crossing ratemeter. (Lunt, 1970;). The zero-crossing detector converts 
the frequency sh ifted  to an analogue voltage output. Id e a lly  an output 
pulse should be produced each time the voltage of the e le c tr ic a l signal 
crosses the zero lin e  going from negative to po s itive . However, due to 
e le c tr ic a l noise producing extraneous output pulses, the ideal system is  
not su itab le . In p ractice ,the  tr ig g e r voltage levels are set e ith e r  side of 
the zero lin e  and signals inside the specified voltages do not produce an 
output pulse. Development of th is  zero-crossing system resulted in  the 
d irectional Doppler,capable of measuring ve loc ity  towards and away from the 
probe (McLeod, 1967;). The disadvantage of the zero-crossing method of
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Doppler signal analysis is  the inherent loss of a proportion of the 
frequency information.
A comprehensive paper by Lunt (1975) discusses the accuracy and lim ita tio n s  
of the zero-crossing detector in the Doppler ve loc ity  meter. He suggests 
that although the technique is  sensitive to the frequency content and 
amplitude (numbers of re fle c tin g  p a rtic le s ) of the s ign a l, there is  a 
possible 16% erro r in the output signal due to varying flow p ro file s . Lunt 
proposes th a t the zero-crossing technique measures blood ve lo c ity  to 20% 
accuracy. Recognising the lim ita tio n s  of the zero-crossing detector, the 
s im p lic ity  and low cost o f the portable system has made i t  an acceptable 
method fo r the analysis of Doppler blood ve loc ity  signals in  the c lin ic a l 
f ie ld .
In the past, qu an tita tive  information of blood ve loc ity  has been lim ited  
since there existed no accurate technique to measure the essential angle 
of in terception (0) between the u ltrasonic beam and the blood flow . Duck 
and Hodson (1974) devised an angular independent system using two separate 
Doppler transducers mounted a t r ig h t angles to each other. Subsequent 
developments led to the cross-beam system using a three part transducer 
incorporating an on -line  spectral analyser (Hansen e t a l , 1976;). A less 
costly development by McCarty and Woodcock (1975) has used a frequency 
modulated Doppler device to v isua lise  the vessel which together with some 
reference point enables the angle to be calculated.
A re lia b le  system fo r  quantitating 0 , allowing accurate measurements of 
blood ve loc ity  was devised by Olson (1974), and uses a combined pulse echo 
and Doppler s h if t  u ltrasonic transducer. Three lead t i t in a te  zirconate  
8 MHz ultrasonic crystals were mounted on a platform capable of ro ta ting  in  
any three mutually independent perpendicular axes. One crystal acts as a 
pulse echo, the remaining two measure the Doppler s h if t .  The crysta ls  are 
arranged such»that the ultrasonic  beams in tersect a t a known angle allowing  
the angle 0 to be calculated.
The pulse echo crystal a lte rn a te ly  acts, as a transm itter and rece iver.
Bursts of ultrasound emitted are re flected  from tissue in te rfaces , the 
received signal being displayed on an oscilloscope. I f  the platform  
containing the crystals is c a re fu lly  manipulated on the skin surface, 
echoes from both walls of the a rte ry  are obtained when the pulsed u ltrasonic
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beam is  perpendicular to the a rte ry . Having located th is  unique position , 
the Doppler s h if t  signal can be recorded and the blood ve lo c ity  accurately  
determined using the known ang le© . In add ition , the pulse echo signal 
provides data of wall thickness, vessel diameter and consequently blood 
flow .
The Doppler s h if t  technique was f i r s t  applied to the c lin ic a l f ie ld  by 
Satomura (1957) in i t i a l l y  to detect movement of in terna l organs and la te r  
to investigate blood ve loc ity  in a p a rtic u la r vessel,. (Satomura, 1959;). 
Subsequently Franklin and his associates (1961) developed the Doppler 
technique to measure blood flow and ve loc ity  in experimental animals,
(Van C itte rs  and Franklin , 1967;). Using the surg ica lly  implanted Doppler 
cuff transducer he adapted the flowmeter to telemetry, in order to study 
blood, flow in unrestrained animals, providing data fo r  defin ing normal 
cardiovascular functions in higher primates (Franklin e t a l , 1964; 1965a; 
1965b; 1966;).
Besides the use of the Doppler technique fo r  measuring blood flow and 
ve loc ity  in humans (see Chapter 5 ) , the diagnostic applications in the 
c lin ic a l f ie ld  have been extensive (Nevertal e t a l , 1974;). By fa r  the 
largest in i t ia l  application of Doppler instrumentation is  in  o b s te trics , 
due to the ease with which foe ta l heart movements (F ie ld e r and Baker, 1969;) 
and c irc u la tio n  (Bishop, 1966;) can be detected. Q u a lita tive  Doppler 
signals have proved p a rtic u la r ly  useful in the assessment of occlusive 
a r te r ia l (Strandness e t  a l , 1966; 1967a; 1967b; Yao e t a l , 1968; 1970a;
Harris e t a l , 1974;) and venous disease (Sigel e t a l , 1967a; 1967b; 1968; 
Sumner e t a l , 1968;). Abnormal Doppler flow patterns have been used to 
aid diagnosis of a v a rie ty  of cardiovascular disorders. Kalmanson e t  a l , 
(1973) claim to d iffe re n tia te  Doppler flow patterns in tricu sp id  
in su ffic ien cy , tricusp id  stenosis,, pulmonary stenosis and a number of other 
defects using signals obtained from the in terna l ju gu lar vein. Using the 
subclavian artery  Tunstal-Pedoe (1974) has used Doppler ve lo c ity  measurements 
to assess the severity  of ao rtic  reg u rg ita tio n . The Doppler u ltrason ic  
technique has also been applied during reconstructive surgery (K e itze r and 
L ic h t i, 1975;), opthalmology (Goldberg et a l , 1967;) and can be used to 
accurately record blood pressure (Morgan e t a l , 1969; Yao e t a l , 1969;).
4.1 (d) Pulsed Doppler
Unlike the continuous wave Doppler, the pulsed Doppler transducer has only
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a single p iezo e lectric  crystal which acts a lte rn a te ly  as a transm itter and 
receiver (Peronneau and Leger, 1969; Baker, 1970;). Following transmission 
of a short burst of ultrasound the crystal receives echoes re fle c te d  from 
the vascular wall and erythrocytes. E lectronic gating of the returned 
signals enables information to be obtained from the erythrocytes a t a known 
distance from the c ry s ta l, hence providing ve lo c ity  data from a small 
in tralum inal sample volume rather than an average over the cross-sectional 
area of the vessel (Histand' e t a l , 1973;).
Using the pulsed ultrasonic Doppler ve lo c ity  meter (PUDVM) i t  is  possible 
to record ve lo c ity  p ro files  (Baker, 1970;), vessel diameter (Peronneau and 
Leger, 1969; Baker, 1970;), ve lo c ity  and flow both invasively  (H artley  and 
Cole, 1974;) and. transcutaneously (Histand e t a l , 1973;). Studies by 
Greene and co-workers (1975) indicate th a t transcutaneous measurements of 
haemodynamic parameters using the PUDVM compare favourably with those from 
implanted cu ff transducers suggesting that the less traumatic noninvasive 
method would be adequately accurate in  most cases.
The PUDVM has the disadvantage th a t the average power is  low when compared 
to the continuous wave system requiring more gain in the receiver portion.
As a resu lt o f the increased receiver noise the pulsed system is  th e o re tic a lly  
less sensitive than the continuous wave Doppler (F laherty  and S trauts , 1969;). 
A fu rth er disadvantage o f the PUDVM is  i ts  re la tiv e  complexity and expense 
(Baker, 1970;). •
4 .2  Safety
As y e t, assessment of the hazards involved in  using u ltrasonic techniques are 
not complete, since the complexity of the in terac tio n  with b io log ica l tissue  
is  poorly understood. O'Brien and co-workers (1972) suggests th a t
b io logical lesions of the mammalian brain develops a t power ranges o f
-2  -220,000 Wcm a t 200u sec to 100 Wem a t 10 sec over a frequency range of
1-6 MHz. Since Doppler ultrasonic devices operate at frequencies between
_2
1-10 MHz u t i l iz in g  average in ten s itie s  less than 0.1 Wcm (O'Brien e t a l , 
1972;) the dose risk  seems neg lig ib le  (Russell and Jones, 1973; Meyer,
1974;).
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CHAPTER 5
THE MEASUREMENT OF BLOOD FLOW,VELOCITY AND ACCELERATION IN THE
ASSESSMENT OF CARDIAC FUNCTION
Force is  defined as the product of mass and acceleration. The 
acceleration of the blood leaving the ven tric le  is  determined by the 
force exerted by the contracting myocardium, and the impedance of the 
a r te r ia l system. The net force acting over the time from the beginning 
of e jection  to peak flow rate is  termed the in i t ia l  ven tricu la r impulse 
(Rushmer, 1964;). I t  is  suggested th a t the rate  o f r is e  o f l e f t  
ven tricu la r pressure, a o rtic  pressure and ao rtic  flow v e lo c ity  may 
re f le c t  the magnitude of the impulse,and measurements of these parameters 
may lead to an ind icator of cardiac status.
Noble and his colleagues (1966) measured maximum acceleration of blood in  
the ascending aorta as an index o f the co n trac tile  state of the l e f t  
ven tricu la r muscle. Using f if te e n  dogs, ao rtic  acceleration was measured 
on a beat to beat basis, by d iffe re n tia tin g  the flow signal obtained from 
a surg ica lly  implanted electromagnetic cu ff transducer. Results showed 
th a t myocardial stim ulation produced by in jec tio n  of isopropyl 
norepinephrine or calcium gluconate in to  e ith e r  branch of the le f t  
coronary a rte ry , led to a considerable increase in maximum a o rtic  
acceleration; peak flow and pulse pressure increasing to a sm aller ex ten t, 
w h ils t stroke volume remained unchanged. Conversely, temporary occlusion 
of the an te rio r descending branch of the le f t  coronary a r te ry , caused a 
decrease in ao rtic  maximum acceleration which occurred sooner, and to a 
greater extent than the reduction seen in peak flow or stroke volume. 
Postural changes producing variations in stroke volume have minimal e ffe c t  
on maximum acceleration . Noble and co-workers (1966) concluded th a t  
maximum ao rtic  acceleration was very sensitive to changes produced by 
varia tio n  in the co n trac tile  state of the le f t  ven tricu la r muscle, but 
insensitive  to changes in LVEDV, and suggested the maximum a o rtic  
acceleration might be a useful index of the c o n trac tile  s tate  o f the 
myocardium in man.
Concurring with these re su lts , Nutter and co-workers (1971) found th a t 
augmentation of the inotropic state of the heart by isoproterenol was
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re flected  to the greatest extent by changes in maximum a o rtic  acceleration , 
w h ils t coronary occlusion and the adm inistration o f fluothane and 
propranolol, depressed maximum acceleration . However, in contrast to 
-Noble and co-workers (1966), Nutter and co-workers (1971) showed that both 
peak ao rtic  flow and acceleration varied d ire c tly  with changes in LVEDP 
caused by acute volume expansion or haemorrhage and suggest the incongrous 
results were due to the erroneous assumption by Noble and co-workers 
(1966) th a t changes in  the position o f the dogs -  recumbent to upright, would 
a lte r  end d ia s to lic  volume. Nutter and co-workers (1971) proposed that the 
ra tio  of ao rtic  maximum acceleration to peak flow , which is  re la t iv e ly  
insensitive to changes in end-d iasto lic  volume, and a o rtic  impedance 
conditions, may be a useful index of the ven tric u la r co n tra c tile  s ta te .
A subsequent study by Noble and co-workers (1972) investigated the 
effec ts  of changing, end. d ia s to lic  volume in conscious dogs a fte r  chronic 
cardiac denervation. They again concluded, th a t, as in the innervated heart, 
maximum ao rtic  acceleration was unaffected by end d ia s to lic  volume, 
although lim ited  as an index of cardiac function a t high a o rtic  pressure.
Since maximum ao rtic  acceleration , and to a lesser ex ten t, peak flow  
s a tis fy  the c r ite r ia  o f being sensitive to positive and negative in o tro p ic v 
stim uli and reasonably independent of the load conditions o f the heart, 
i t  is generally accepted th a t e ith e r  maximum acceleration and/or to a 
lesser extent peak flow are good indicators of v e n tricu la r performance 
(Bann e t a l , 1972; Bann e t a l , 1974; Gams e t a l , 1974; Jew itt e t  a l , 1974; 
Bennett e t a l , 1974; Noble, 1965; Noble e t a l , 1966; Gabe e t a l , 1969;).
Using a catheter t ip  Doppler v e lo c ity  transducer, Benchimol and co-workers 
(1969) focused a tten tion  on peak ao rtic  ve loc ity  measured 4-6 centimetres 
above the ao rtic  valve. Studying 33 patients with spontaneous or induced 
cardiac arrhythmias-, results indicated th a t a t heart rates above 140, 
a tr ia l  and ven tricu la r tachycardias led to a reduced peak v e lo c ity . 
Furthermore, the magnitude of the peak ve lo c ity  o f supraventricular or 
ve n tricu la r extrasystole was d ire c tly  associated with the timing of the 
abnormal beat, ie  the shorter the in te rv a l between the normal beat and the 
extrasysto le , the smaller the value of the peak ve lo c ity  o f the 
extrasystole and subsequently the greater the peak v e lo c ity  of the next 
normally conducted impulse (Benchimol e t a l , 1969;). The observations 
indicated the potentia l value of ao rtic  peak ve lo c ity  measurements in
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health and disease.
Recently measurements of ao rtic  ve lo c ity  (Uther e t a l , 1973;) and 
acceleration have been made in the assessment of abnormal l e f t  
ven tricu la r function (Bennett e t a l , 1974; Jew itt e t a l , 1974;) and 
acute myocardial in fa rc tio n  in man (Jew itt e t a l , 1974;) and dogs (Kezdi 
e t a l , 1969;). Bennett and co-workers (1974) found in twelve patients  
investigated fo r chest pain , th a t maximum a o rtic  acceleration and peak 
ve loc ity  were inverseley re la ted  to the severity  of coronary a rte ry  
disease as indicated by coronary angiography, and bore a close re la tio n ­
ship to the e jection  frac tio n  calculated from le f t  ven tricu la r angiography. 
In three patients with no detectable cardiac abnormality diagnosed a t  
ca th e teriza tio n , the value o f a o rtic  peak ve lo c ity  was found to be 
approximately 60 cms"  ^ (Bennett e t a l , 1974;), concurring with measurements 
from twelve patients with normal cardiac indices and f i l l in g  pressures 
(Mason e t a l , 1970;). However, Gabe and co-workers (1969) also found 
peak ao rtic  blood v e lo c ities  of 66 cms"  ^ in  twenty-three patients  
including those with diagnoses of va lvu lar heart disease and ischaemic 
heart disease. Comparisons between results obtained from various 
investigators are not e n tire ly  ju s t i f ie d ,  since the magnitude o f the 
veloc ity  signal is  dependant on the position and distance of the 
transducer from the ao rtic  valve (Gabe e t a l , 1969; Benchimol e t a l , 1969;).
Measurements made in twenty-four patients with coronary a rte ry  disease
led Jew itt and co-workers (1974) to propose a prognostic value of maximum
ao rtic  acceleration and peak v e lo c ity . Having established a c le a r lin e a r
re lationsh ip  between maximum a o rtic  acceleration and peak v e lo c ity , and
between maximum acceleration and LV ^P /d t, a tten tion  was focused on
fourteen patients with acute myocardial in fa rc tio n  complicated by
cardiovascular fa ilu re  or cardiogenic shock. I t  was found th a t patients
having values of peak ve lo c ity  and acceleration above 40 cms~^  and 
-2700 cms respective ly , survived and those below these values, died.
The pred ictive  value of such results is  obvious. However, Jew itt and 
co-workers (1974) no te ,that fo r routine assessment of cardiac performance 
the development of a lin e a r  transcutaneous technique is  necessary.
Recently, various transcutaneous techniques fo r measuring the blood 
ve lo c ity  in the ascending aorta and ao rtic  arch have become ava ilab le
(Cross and L igh t, 1974; Duck e t a l , 1974;). Most in te re s t has been shown
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in transcutaneous aortovelography which applies the Doppler p rin c ip le  
(see Chapter 4 ) . The continuous (Cross and L ight, 1974;) or pulsed 
(Johnson e t a l , 1974;) u ltrasonic beam emitted from a probe held over 
the suprasternal notch, is  assumed to in te ra c t tan g en tia lly  to the flow  
in the ao rtic  arch, allowing measurements of ve lo c ity  with no exact 
account of the angle of incidence of the beam to the flow . Light (1970) 
suggests th a t even i f  no part of the beam is  tangential to the flow , 
the e rro r in calculating the ve lo c ity  from the Doppler equation (see 
Chapter 4) is  less than 10% i f  some part of the beam in tersects the flow  
a t less than 25° to its  d irec tio n . Transcutaneous aortovelography has 
a number o f disadvantages. Adequate signals via the suprasternal notch 
are only obtainable in 80% of subjects, in terference from branch a rte rie s  
(innominate, ca ro tid , subclavian) is  often strong, (L ight and Cross,
1973;) and presentation of data via spectral analysis is ,  as y e t, d i f f ic u l t  
to quantitate (Huntsman e t a l , 1975; McDonald, 1974;).
An a lte rn a tiv e  method fo r measuring a o rtic  blood v e lo c ity , is  by the use 
of an oesophageal Doppler monitoring probe (Side and Gosling, 1971;) which 
is  passed in to  the oesophagus to approximately 20 centimetres beyond thet
l ip s . Adequate signals can be received from the thoracic ao rta , although 
once again, since the angle of in tersection  between the u ltrasonic beam 
and the blood flow is  unknown, the technique remains q u a lita tiv e  (Duck 
e t a l , 1974;).
Due to the d i f f ic u lty  in measuring blood ve lo c ity  and acceleration in  the 
a o rtic  root in man, a tten tion  was turned to measurements obtained from 
the carotid a rte ry . I t  was suggested th a t these results might provide 
an in d ire c t method of assessing myocardial performance (Personal 
communication Chimoskey, 1974  ^ Chimoskey e t a l , 1974; Gams e t a l , 1974; 
Chimoskey e t a l , 1975;).
Studying seven acutely instrumented anaesthetized dogs, Chimoskey and 
co-workers (1974) compared peak carotid  and peak ao rtic  acceleration  
using implanted electromagnetic cu ff sensors, during a va rie ty  of 
cardiovascular in terventions. Occlusions of the le f t  coronary a rte ry  
and the superior vena cava, intravenous adm inistration of sodium 
bicarbonate and propranolol caused peak carotid  and ao rtic  acceleration  
to decrease with l i t t l e  or no change in th e ir  ra t io . Breathing 100% 
oxygen, and the intravenous infusion of cardiac stimulants which led
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to an increased maximum a o rtic  acceleration , resulted in  changes in  
maximum carotid  acceleration o f a s im ila r d irection  and magnitude.
Peripheral vasodilators such as acetylcholine, papaverine, and histamine 
caused inconsistencies in the ra t io . I t  was concluded th a t peak carotid  
acceleration may be used as an in d ire c t measure of myocardial mechanical 
performance, except during potent peripheral vasodilation.
Gams and co-workers (1974) la te r  extended th is  work to study f iv e  
chronically  instrumented conscious dogs, again measuring peak acceleration  
in the common carotid  arte ry  simultaneously with peak acceleration in  
the ascending ao rta , using electromagnetic flow sensors. Interventions  
including response to exercise, 60 second le f t  coronary a rte ry  occlusion, 
the e ffe c t of short acting barb itu rate  anaesthesia and intravenous 
infusions o f three concentrations of each, isoproterenol, L-norepinephrine, 
and acetylcholine were studied. In agreement with observations by 
Chimoskey and co-workers (1974), Gams and co-workers (1974) showed that 
the values of accelerations from both s ites  changed in the same d irec tion  
and approximately to the same extent except when peripheral resistance was 
increased with L-norepinephrine or decreased with acetylcholine infusions.
Since the carotid  c ircu la tio n  in dogs d iffe rs  to that seen in  primates, 
a study was undertaken by Chimoskey and co-workers (1975) on three  
conscious male baboons, to determine whether peak carotid  acceleration  
could be an in d ire c t assessment of myocardial performance. During 60 
second occlusions o f the le f t  coronary a rte ry  both carotid  and a o rtic  peak 
accelerations decreased by approximately the same amount showing s ig n if ic a n tly  
more change than peak a o rtic  v e lo c ity , stroke volume or cardiac output.
These results obtained from baboons (Chimoskey e t a l , 1975;) were consistent 
with those previously found in  dogs (Chimoskey e t a l , 1974; Gams e t a l ,
1974) a n d .it  was concluded that peak carotid  acceleration may be of use as 
an in d ire c t index of ve n tric u la r performance in man during changes induced 
by myocardial ischaemia.
In the study of seventeen patients undergoing r ig h t and le f t  heart 
c a th e teriza tio n , using an invasive c a th e te r-tip  Doppler u ltrasonic  
transducer, Benchimol and co-workers (1970a) recorded v e lo c ity  patterns  
in the common and in ternal carotid  a rte rie s  in conscious unanesthetized 
man. Observations indicated that carotid  arte ry  ve lo c ity  was phasic and 
continuous, never returning to the zero ve lo c ity  le v e l, showing variations
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during resp iration  which closely followed those in  the aorta . Furthermore, 
rhythm disturbances including v en tricu la r tachycardia, a t r ia l  f ib r i l la t io n ,  
nodal rhythm and extrasysto lic  beats produced changes in carotid  ve lo c ity  
which are es sen tia lly  id en tica l to those described in a o rtic  v e lo c ity .
Even with an invasive catheter technique (Barnes e t a l , 1973; Barnes e t a l , 
1974;) Benchimol and co-workers (1970a) found i t  possible to obtain 
adequate signals in  only 80% of subjects -  fa ilu re  being due to the placement 
of the catheter t ip  in contact with the a r te r ia l wall introducing a large  
low-frequency Doppler s h if t .
Encouraged by results from invasive studies (Kedzi e t a l , 1969; Noble 
e t a l , 1966; Nutter e t a l , 1971;) Ishikawa and co-workers (.1975) have 
attempted to derive a useful noninvasive index of the myocardial 
co n trac tile  state  using the transcutaneous Doppler ve lo c ity  curve from 
the carotid  a rte ry . Studying f iv e  normal mongrel dogs and 43 patients  
with a va rie ty  of heart diseases, Doppler ve lo c ity  curves were obtained 
via an in travascular Doppler catheter w h ils t simultaneous recordings were 
made transcutaneously from a Doppler probe on the skin surface a t the 
level of the r ig h t carotid  a rte ry . The position of the transcutaneous 
probe was adjusted in  order to obtain a trace s im ila r to th a t from the 
in travascular catheter. Since no accurate measure of the angle subtended 
by the probe to the a rte ry  was made, the indices studied did not involve  
ve loc ity  measurement, but time components. These include time from onset 
of e jection  to peak ve lo c ity  (time to peak) and the time in te rv a l from 
the Q wave of a simultaneously recorded ECG to the peak v e lo c ity  (so 
called  ECGQ-Doppler peak). I t  was shown th a t only the la t te r  index 
demonstrated a s ig n ific a n t corre lation  between the values obtained 
in travascu larly  and transcutaneously and with LV ^P/dt max. ECGQ-Doppler 
peak was found to have a s ig n ific a n t corre lation  to heart ra te . To 
exclude the e ffe c t of varying heart ra te , the d ifference between the 
observed and predicted ECGQ-Doppler peak was calculated (predicted ECGQ- 
Doppler peak was calculated from a regression equation between heart ra te  
and ECGQ-Doppler peak established during r ig h t a t r ia l  pacing experiments). 
ECGQ-Doppler peak showed a s ig n ific a n t corre lation  to LV dp/dt max a°d 
provided better separation between patients with coronary a rte ry  disease 
and normal subjects than systo lic  tim e -in te rv a ls . I t  was concluded th a t 
the ECGQ-Doppler peak is  a useful index to evaluate myocardial c o n tra c tile  
s ta te , which is  obtained non-invasively from the carotid  a rte ry . To date 
th is  index has not been re-evaluated.
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An a lte rn a tiv e  approach in the assessment o f cardiovascular function  
has been to study blood flow  parameters in peripheral a rte ries  (Benchimol 
et a l , 1968a; 1970b; Ski 1 ton and Slaney, 1973; Baan and Kahl , 1974;).
Bann and Kahl (1974) demonstrated, th e o re tic a lly  and experimentally th a t 
maximum acceleration throughout the a r te r ia l tree  remains constant 
w ithin  acceptable e rro r, suggesting th a t changes in cardiac performance 
indicated by changes in ao rtic  root maximum acceleration (Noble e t a l ,
1966; Bennett e t a l , 1974;) can be re flected  in periphal a r te r ie s . A 
recent study by Immink and co-workers (1976) using anesthetized dogs 
measured the e ffe c t  of norepinephrine and isoprenaline (in o tro p ic  
compounds having varying e ffec ts  on the peripheral resistance) on the 
maximum acceleration in  the c e lia c , c ra n ia l, mesenteric, renal and 
femoral a r te r ie s , using instantaneous le f t  ven tricu la r pressure and 
ascending a o rtic  root blood flow as cardiac variab les . Results showed 
that the dose dependent increase in LV dp/dt max and maximum acceleration  
in the ascending aorta was also apparent in maximum acceleration in  
peripheral vessels, supporting the hypothesis th a t an increase in  cardiac 
inotropy can be re flected  in changes in maximum acceleration in  peripheral 
a rte r ie s .
Investigations assessing brachial a rte ry  ve lo c ity  as an in d ire c t parameter 
of changes in cardiac performance, are lim ited  and co n flic tin g  (Gault 
e t a l , 1966; Benchimol, 1967; Benchimol e t a l , 1968a; 1970b;). Gault and 
co-workers (1966) studied 35 patients a t the time of ca th eteriza tio n  when 
mi nature electromagnetic cu ff flow transducers were applied to the 
exposed brachial a rte ry . Mean and peak brachial a rtery  flow were 
observed during a number of in terventions, including forearm exercise, 
the valsalva manoeuvre, manual carotid occlusion and carotid  sinus 
stim ulation. Results showed that neither mean nor peak brachial a rte ry  
flow bore any re la tio n  to the cardiac les io n , stroke volume or cardiac  
index. Furthermore, i t  was shown th a t a l l  patients exhibited spontaneous 
variations in resting brachial a r te r ia l flow , sometimes in  association  
with corresponding changes in mean a r te r ia l pressure. I t  was proposed 
th a t the changes in flow were due to several fac to rs , including cyc lica l 
changes in vascular resistance in other areas than the forearm, spontaneous 
cyclica l variations in general systemic vascular resistances, and neurally  
mediated changes in cutaneous vascular beds of the hand,in response to  
body temperature regulation or emotional stress. Such e ffec ts  o f changing 
peripheral resistance on brachial a rte ry  flow has been noted by other
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investigators (M iyazaki, 1971; Matsuo e t a l , 1973; Kuzuya e t a l , 1973;
Ski 1 ton, 1973; Nlmura e t a l , 1974; Rittenhouse e t a l , 1976;). However, 
contrary to th is , Immink and co-workers (1976) concluded th a t increases 
in peripheral acceleration a f te r  adm inistration of norepinephrine and 
isoprenaline were caused.by an increase in cardiac inotropy and not due 
to changes in peripheral resistance.
Green and co-workers (1976) have demonstrated that a r te r ia l blood 
veloc ity  measured simultaneously from transcutaneous Doppler probes and 
inplanted cuffs are highly comparable. Using the transcutaneous approach 
i t  has been shown th a t a lte ra tio n s  in brachial a rte ry  ve lo c ity  patterns  
can be detected in a number of cardiovascular disorders, including ao rtic  
valvu lar stenosis, a o rtic  incompetence, and id iopath ic  hypertrophic 
subaortic stenosis, which are suggested to be of value in d if fe re n t ia l  
diagnosis (Benchimol, 1967; Benchimol e t a l , 1970b;). Although the 
angle measuring technique employed by Benchimol and co-workers (1970b) 
was unsatisfactory to establish accurate qu an tita tive  transcutaneous 
re su lts , q u a lita tiv e  changes in brachial a rtery  peak v e lo c ity  recorded 
during various cardiac arrhythmias were suggested to re f le c t  changes in  
central haemodynamics (Benchimol e t a l , 1968a; 1970b) being of po ten tia l 
value in the transcutaneous assessment of cardiac dysfunction (Joyner, 
1975;).
5.1 Resume
I t  has been shown th a t maximum ao rtic  acceleration , and to a lesser exten t, 
peak v e lo c ity , are sensitive indicators of the le f t  ven tricu la r function  
(Noble e t a l , 1966; Bann et a l , 1972; Bennett e t a l , 1974;) being of 
value in the prognosis of patients suffering an acute myocardial 
in fa rc tio n  (Jew itt e t a l , 1974;). Subsequent work indicated th a t changes 
in a o rtic  maximum acceleration were re flected  in  a s im ila r d irec tio n  and 
magnitude in  maximum acceleration recorded simultaneously from the 
carotid  a rte ry  (Chimoskey e t a l , 1974; Gams e t a l , 1974; Chimoskey e t a l , 
1975;). I t  was suggested th a t carotid  a rte ry  maximum acceleration may be 
used as an in d ire c t measure of myocardial mechanical performance 
» (Chimoskey e t a l , 1975;).
More recen tly , Immink and co-workers (1976) have demonstrated th a t an 
increase in cardiac inotropy can be re flected  as changes in maximum
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acceleration in peripheral a r te r ie s . Previously Gault and co-workers 
(1966) indicated that brachial a rtery  flow bore no re lationsh ip  to the 
cardiac les ion , stroke volume or cardiac index, however Benchimol and 
co-workers (1968a) suggest that q u a lita tiv e  changes in brachial a rte ry  
peak ve lo c ity  recorded during cardiac arrhythmias do re fle c t  changes in 
central haemodynamics, and may be of value in the assessment of cardiac 
dysfunction (Joyner, 1975;).
To date, in the main, the measurement of blood flow parameters has 
necessitated the use of invasive catheteriza tio n  techniques. Although 
providing more comprehensive re su lts , ca theteriza tion  is  traum atic, 
-usually unrepeatable, is  costly in s k ille d  man hours and carries a f in i t e  
r isk  of morbidity and m o rta lity  (Barnes e t a l , 1973; Barnes e t a l , 1974;). 
A ltern ative  transcutaneous techniques fo r  measuring ao rtic  blood ve lo c ity  
including transcutaneous aortovelography (Cross and L ight, 1974;) and 
the oesophageal Doppler probe (Side and Gosling, 1971; Duck e t a l , 1974;) 
also have disadvantages. Adequate signals are only obtained in 80% of 
subjects (L ight and Cross, 1973;), in terference from branch a rte rie s  is  
strong and analysis complex (Huntsman et a l , 1975;). U ntil recen tly , due 
to the in a b il i ty  to quantitate  the angle of incidence of the u ltrasonic  
beam to the a r te r ia l blood flow , i t  has not been possible to accurately  
measure blood ve lo c ity  using the Doppler p rin c ip le . However, with the 
development of the combined pulse-echo and Doppler technique, which allows 
precise assessment of th is  angle (Olson, 1974;) i t  is now possible to 
measure blood ve loc ity  q u an tita tiv e ly  and noninvasively.
5.2 Hypothesis
I t  is  the aim of th is  thesis to quantitate  brachial a rte ry  peak v e lo c ity  
using a non-invasive ultrasonic Doppler ve lo c ity  technique in order to 
tes t the hypothesis th a t, transcutaneous Doppler measurement of brachial 
artery  peak ve loc ity  may re fle c t  cardiovascular performance, and hence 
be of value in the c lin ic a l assessment and management of patients with  
myocardial dysfunction.
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Se c tio n  2 
Methods and Ma t e r ia l s
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CHAPTER 6
A. DEVELOPMENT AND ASSESSMENT OF THE APPARATUS
6.1 Outline o f the Procedure
In order to proceed, i t  was necessary to develop and assess a system 
which would allow quantita tion  and rep ro d u c ib ility  o f brachial a rte ry  
peak ve lo c ity  measurements. The f in a l arrangement, as shown in Figure 4, 
was a combination o f proprietary equipment together with apparatus made 
in  the Physics Laboratory of St George's H osp ita l, to the author's  
spec ifica tio n .
In o u tlin e , transcutaneous brachial a rte ry  peak ve lo c ity  was measured 
using an ultrasonic d irectional Parks Model 806 Doppler v e lo c ity  meter 
(Parks Electronics Laboratory, Oregon;). The probe (Parks Electronics  
Laboratory, Oregon;) was placed on the skin overlying the brachial a rte ry  
in the ante-cubita l fossa. 'Aquasonic' transmission gel (Parker 
Laboratories) was used as a coupling medium between the transducer and 
the skin. The sh ifted  frequency heard via a set o f stereo headphones 
was also passed through the frequency to DC voltage zero-crosser system. 
The analogue voltage output was am plified via a DC d if fe re n t ia l a m p lif ie r , 
(Physics Laboratory, St George's H osp ita l;) displayed on a two channel 
Devices oscilloscope (D ig itim er Ltd) and fed onto a 4 channel frequency 
modulated Sony cassette data tape-recorder (Model C -4). The stored 
signal was then replayed via a peak height analyer (Physics Laboratory,
St George's Hospital) and a Datel thermal p rin te r (Datel systems inco. 
Model DPP-7) providing an on -line  readout o f brachial a rte ry  peak 
ve lo c ity .
6.2 Assessment of the Parks Model 806 Doppler V e loc ity  Meter
The Parks Model 806 Doppler ve loc ity  meter was characterised with respect 
to known frequencies. Sine waves, ranging from 1 kHz -  5 kHz were 
produced by a frequency generator (Specialised Laboratory Equipment Low- 
Frequency O s c illa to r Model 81) and fed into the ca lib ra tio n  input A 
(P late  1 ). The zero-crosser input channel B was turned to zero. The 
analogue voltage output from channel A was recorded on a Medelec f ib r e -
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op tic  u ltra v io le t  recorder, the lin e a r ity  of which had been previously 
checked. The same procedure was carried out fo r channel B.
In order to establish the lin e a r ity  of the Doppler gain contro l, the 
analogue output from each frequency was studied a t various gain se ttin g s , 
ie  2 , 5, 10, 20 and 50, fo r  both channels.
Graphs of frequency against voltage output and voltage output against 
gain settings were drawn. Channels A and B were compared.
6.3 Assessment of the DC D iffe re n tia l A m plifier
A non-variable gain , DC d iffe re n tia l am p lifie r with a low pass f i l t e r in g  
f a c i l i t y  was constructed in  the Physics Laboratory a t St George's H ospital. 
Power was supplied by two 9V Duracell b a tte rie s . The gain of the 
am p lifie r was 4 .7 . For zero input voltage the maximum deviation  
of the output was 0.08 volts and remained constant a t th is  value a f te r  a warm 
up period o f 15 minutes. The frequency response and the characteris tics  
of the f i l t e r s  were studied. A constant input voltage (0 .2  vo lts  peak to 
peak) was fed in to the a m p lifie r, and the output voltage was observed over 
a frequency range o f 1.5 -  100 Hz. Each of the four f i l t e r s  was examined 
over th is  range. Graphs of frequency against gain (voltage out/voltage  
in ) were p lotted and the 3dB points (max gain x 0.707) calculated.
6 .4  Assessment of the Peak Height Analyser
To assist analysis of the Doppler ve lo c ity  trace , a peak height analyser
was constructed in the Physics Laboratory of St George's Hospital to the
author's sp ec ifica tio n . This was designed to detect the peak of the 
ve loc ity  signal and using the constant derived from the Doppler equation 
fo r  an angle of 45°, present a two and a h a lf d ig it  display of peak 
veloc ity  (cms*^). Data was evaluated on a beat to beat basis, or as an 
average o f  ten consecutive beats. Appropriate settings of the threshold 
allowed only the peak ve loc ity  to be recorded, extraneous signals being 
excluded. For the purposes of brachial a rte ry  peak ve lo c ity  measurements, 
the peak height analyser was set up to detect maximum frequency s h ifts  of 
5 kHz which at 45° is  equal to a d ig ita l readout of 57 or 58 cms”^
(57.4 cms“  ^ ca lcu la ted ). The peak height analyser was connected to a fa s t  
thermal paper p r in te r .
In order to te s t the l in e a r ity  of the peak height analyser, sine waves of
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known frequencies were fed in to  the Doppler ve loc ity  meter and ve lo c ity  
data recorded. To assess the accuracy o f the d ig ita l d isp lay, the meter 
ve lo c ities  were compared with peak ve lo c ities  calculated from the Doppler 
equation and those evaluated from a paper trace of a brachial a rte ry  
signal.
6 .5  Evaluation of the Complete System
Figure 5 shows diagram atically the in terfaced system, ind icating  the gain, 
minimum and maximum input voltages of the various components. The 
l in e a r ity  of the cumulative components was tested. Sine waves of known 
frequencies were fed in to channel A o f the Doppler ve lo c ity  meter and 
voltage output recordings made from the Doppler, the Doppler and a m p lifie r, 
the Doppler, a m p lifie r and tape recorder, and f in a l ly  through the complete 
system to the p r in te r . The overall gain of the system (Doppler voltage 
output/tape recorder voltage output) was compared to the sum of the 
component gains.
6.6 Evaluation of the Parks Model 806 Doppler Velocity Meter on a Steady 
Flow Rig
The Parks Doppler ve lo c ity  meter was studied under steady flow conditions 
to establish the lin e a r ity  of the response and to compare Doppler ve lo c ities  
to ve lo c ities  calculated from known flow rates.
Stainless  
steel tube
Doppler probe
Pump
P lastic ine
mounting Reservoir
i
FIGURE 6
Diagram o f Steady Flow Rig
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The apparatus was set up as shown in the diagram (Figure 6 ) .  A water 
pump connected to a reservo ir, and a Winchester b o ttle  v ia Portex tubing 
o f diameter 0.6 cm, maintained a constant 2 metre head of pressure. The 
system was primed with a p a rticu la te  solution o f 25 l i t r e s  of 0.9% sodium 
chloride and one p in t o f expired human blood. The o u tle t tap o f the 
Winchester was connected to a length o f Portex tubing o f diameter 0.6 cm. 
Approximately 30 cm from the end o f the tubing was inserted a stain less  
steel tube o f in terna l diameter 0.64 cm measured with in terna l vern ier 
ca lip ers . One side o f the tube was machined f l a t  to enable more stable  
contact between the Doppler probe and the tube. The wall thickness a t 
that point was approximately 0.1 mm. For added s ta b il i ty  and to minimise 
the e ffe c t o f v ib ra tio n , the tube was mounted in  p la s tic in e . A hollow was 
made in  the p la s tic in e , f i l l e d  with 'Aquasonic' g e l, and the probe inserted  
towards the d irection o f flow . The angle between the probe and the tube 
was measured using a s p ir i t  level and a p ro trac to r. The angles o f 50°,
60° and 70° were studied. Flow rates were varied by a gate c lip  on the 
proximal tube. Release o f the clamps on the d is ta l tube enabled flow rates  
to be measured using a measuring cylinder and a centisecond tim er 
(G r if f in  Triton L td). At a given angle, flow rates were varied in stages 
and the frequency s h if t  recorded on a Medelec f ib re -o p tic  u ltra v io le t  
paper recorder.
The Doppler ve lo c ity  meter was ca lib rated  with a 10 kHz signal in to  
channel A. The actual ve lo c ity  was calculated by d ivid ing the flow rate  
by the in ternal cross sectional area (A = rrr2) o f the sta in less steel 
tube and results compared with those calculated from the Doppler 
output.
6.7 Evaluation of the Parks Doppler Model 806 on a P u lsa tile  Rig
The Parks Doppler ve loc ity  meter was studied under p u ls a tile  conditions 
in  order to assess the frequency response and to compare Doppler 
ve lo c ities  with predetermined v e lo c itie s .
The apparatus was set up as shown in Figure 7. The shaft o f a variab le  
speed motor (Parvalux E le c tric  Motors Ltd) was connected to a ro ta tin g  
arm. An adjustable pin on the ro ta ting  arm allowed the sweep radius to 
be varied. The pin was connected to a lin e a r bearing which moved
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FIGURE 7
Diagram of P u lsa tile  Test Rig
h o rizo n ta lly  on a bar. The bar was constrained to move in the v e rtic a l 
plane by additional bearings moving on two v e rtic a l steel rods mounted 
in a so lid  base. The Doppler probe was held v e r t ic a lly  in a fixed  
position on the horizontal bar. Thus ro ta tion  of the motor shaft caused 
v e rtic a l sinusoidal movement of the Doppler probe. The magnitude and 
frequency of the probe movement was varied by selection of the motor speed 
and sweep radius. The frequency of the motor was monitored v ia  a micro 
switch triggered each revolution by a screw on the motor flyw heel. The 
e le c tr ic a l pulse was recorded on an Elcomatic u ltra v io le t  paper recorder.
The Doppler probe was immersed in d is t i l le d  water a t room temperature.
Sound waves were re flected  from the base of the glass water bath. The 
Doppler analogue voltage output was recorded on the Elcomatic (previously  
shown to be lin e a r) which had been calib rated  with a 5 kHz s ign a l. The 
motor speed was varied and the Doppler signal and e le c tr ic a l pulse from 
the motor were recorded simultaneously. The Doppler v e lo c ity  was calculated  
from the Doppler equation (see page 24) assuming the angle of incidence of 
the u ltrasonic beam to be 0 °  ( ie  cos 0 ° = 1 ) and the ve lo c ity  of ultrasound
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in d is t i l le d  water to be 14.8 x 104  cms 1 (W ells 9 1969;). The actual peak 
ve loc ity  of the probe was calculated from the motor speed and the sweep 
radius according to the formula:
v = 2  7T f  r
v = peak ve loc ity  (cms "*) 
f  = frequency (Hz) 
r  = sweep radius (cms)
The sweep radius was set a t 1 cm.
The frequency response of the Parks ve lo c ity  meter was established by 
comparing the Doppler ve loc ity  with the actual ve lo c ity  over a range of 
frequencies.
6 . 8  Investigation of the Doppler Probe Ultrasonic Beam by Schlieren Optics
Ultrasound propagated through a f lu id  forms regions' of compression and 
rarefaction  spread one-half wave length apart along the beam's ax is . I f  
a beam of lig h t  collim ated from a point source is passed through a region 
where the d irection  of the ultrasound is perpendicular to the op tical a x is , 
the lig h t  w ill  be d iffra c te d  by the sound f ie ld ,  which acts as a simple 
d iffra c tio n  g rating , allowing v isu a lisa tio n  o f the u ltrasonic f ie ld .
U ltrasonic Probe
Light Positive  
Source Graticule Waterbath Lens
Negative Screen 
G raticule
/
i \
I \
I \ 
I \
2 f * 2 f A
FIGURE 8  :  :  '
Schlieren Optical Set-up
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The apparatus was correctly  aligned and set up as shown in the diagram 
(Figure 8 ) .  The ultrasonic probe was held perpendicular to the-optica l 
axis with clamps. The image of the ultrasonic f ie ld  was focused on the 
screen and plotted by hand on graph paper.
At any given time one p iezo e lec tric  crystal acts as a transm itter and 
the other as a receiver. Reversal of the connections allowed v isu a liza tio n  
of the u ltrason ic  beam o f  the second c ry s ta l. Careful adjustment of the 
position of the probe in the water bath enabled the images of each crystal 
to be superimposed on the same diagram, demonstrating the area of overlap, 
the approximate geometry and width of the ultrasonic beam.
6.9 Development of the Angle Measuring Technique
As has been discussed e a r l ie r  (see Chapter 4 ) ,  in order to quantitate  
blood ve loc ity  using the Doppler equation, i t  is  necessary to evaluate  
the angle of incidence between the probe and the axis of the underlying 
arte ry .
P rio r to development of the present technique, attempts were made to 
measure the angle using a mechanical probe holding device and a p ro trac to r. 
The angle was assumed by measuring the difference between the no flow  
angle ( ie  perpendicular to the flow in the a rte ry ) and the angle of 
maximum s h if t .  Despite the probe holder allowing fin e  movements in three  
planes, the technique was considered unreproducible and generally  
unsatisfactory.
The present system is a technique modified a f te r  Olson (1974). The 
simple hand held u n it , shown diagram atically in Figure 9, was made in the 
Physics Laboratory of St George's H ospital.
The 8  MHz A-scan transducer (Kretztechnik Series 4100 MG) was mounted 
perpendicular to the polythene holder. The Doppler transducer (9 .5  MHz) 
was set a t an angle of 45° to the A-scan transducer. Both transducers 
could be moved along the holder and locked in  any position . The 
distance between the u ltrasonic Doppler crystals and the pulse 
echo crystal (AB) was adjusted so th a t the in terac tio n  o f both beams 
was approximately a t the depth o f the a r te ry . For brachial a rte ry  
peak ve loc ity  measurements the distance between the crystals was
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maintained constant fo r  a l l  individuals a t 8  mm.
Having palpated the brachial a rte ry  and placed ‘Aquasonic1 gel over the 
area, the position of the A-scan transducer was adjusted so th a t maximal 
pulse echo signals were received from the p o ste rio r and a n te rio r wall o f 
the a rte ry , when the probe was assumed to be perpendicular to the arte ry , 
The Doppler probe was then pivoted around the pulse echo probe to 
maximize the ve loc ity  s ignal. Only in th is  unique position was i t  
possible to quantitate  the angle of in terac tio n  of the u ltrasonic  beam 
to the axis flow , in th is  case 45 °, and consequently evaluate peak 
ve lo c ity .
6.10 Assessment of the Angle Measuring Technique
In order to assess the degree of accuracy with which the developed 
technique measured the angle of incidence of the u ltrasonic beam to the 
a rte ry , i t  was necessary to confirm that maximal signals were obtained 
from the pulse echo transducer only when perpendicular to the a rte ry .
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Diagram of the Apparatus used in the Assessment o f the Ahgle Measuring 
Technique
The apparatus was set up as shown in the diagram (Figure 10). The tube 
o f in terna l diameter 5 mm, held firm  in  a shallow dish, formed a closed 
system which was f i l l e d  with m ilk . A p e r is ta l i t ic  pump (Watson-Marlow 
H.R. flow inducer) simulated blood flow in an a rte ry . Attached to the 
supporting dish was a protractor and a horizontal po inter set a t  0 °. The 
tube was set level with the po in ter. The pulse echo transducer was set 
by parallax a t exactly 90° to the ho rizon ta l. When co rrectly  aligned  
over the tube, 'Aquasonic1 gel was placed on the tube and the pulse echo 
transducer set approximately 4 mm from its  surface. The A-scan signals 
received on the oscilloscope a t that position were photographed using a 
Polaroid camera. The tube was then moved through +2° re la tiv e  to the 
v e rtic a l probe and the A-scan recorded. The tube was then repositioned  
a t 90° and the A-scan again recorded. This procedure was repeated fo r  
+ |°  and -  2° and -J ° in  the opposite d irec tio n . A ll resu lts  were 
recorded photographically.
The small changes in  the diameter o f  the tube caused by the p e r is ta lt ic
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pump were observed as pulsations o f the A-scan s ignals , the rate  o f which 
changed as the speed o f the pump was a lte red .
B. DATA COLLECTION
Having developed and assessed a technique capable o f quantita ting  brachial 
arte ry  peak v e lo c ity , i t  was necessary to te s t the hypothesis th a t;  
brachial a rte ry  peak ve loc ity  may re f le c t  cardiovascular performance, by 
comparing results obtained in  a control group with those from patients  
suffering cardiovascular dysfunction. The control group was drawn from 
members of the hospital s ta ff  and employees of the Imperial Tobacco 
Company. The study group were those patients admitted to the Intensive
Therapy Unit o f St George's Hospital su ffering  chest pain with a presumptive
diagnosis o f acute myocardial in fa rc tio n .
6.11 Control Data
Brachial a rte ry  peak ve loc ity  measurements were made on 120 subjects, 60 
male and 60 female. In order to assess the re la tionsh ip  between peak 
ve lo c ity  and age, 15 males and 15 females were studied in  age groups 
(eg 20-29) from 20-60 years. Subjects were given a questionnaire  
(Appendix A) and were subsequently excluded i f  known to have a h is to ry  o f 
a cardiovascular disorder or i f  taking any medication a t the time o f study. 
The apparatus was set up as indicated in Figure 4 , and le f t  to 'warm up' 
fo r  20 minutes. A checked ca lib ra tio n  signal o f 5 kHz produced by a 
sine wave generator, and fed in to the Doppler v e lo c ity  meter via Channel A. 
With the Doppler gain control a t 50, the Doppler f i l t e r  in  the maximum 
position , zero cross channel A ju s t above the threshold and zero-cross 
channel B a t zero, the reading on the d ig ita l meter was f in e ly  adjusted 
to read 57 or 58 cm s"\ an a rb ita ry  maximum ve lo c ity  equivalent to a 
5 kHz Doppler s h if t .  Having completed the ca lib ra tio n  procedure, the 
Doppler probe was connected in  the high and common inputs, and the zero 
cross inputs set ju s t above the threshold.
Subjects were studied in  a basal condition having rested supine fo r 15 
minutes p rio r to the recording. The questionnaire (Appendix A) was 
completed and re levant information fed onto the audio channel o f the tape 
recorder. Limb electrocardiograph (ECG) electrodes were attached and the 
output fed in to the p re -am p lifie r o f the second channel on the Devices 
oscilloscope, and subsequently in to  Channel 2 o f the tape recorder.
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Measurements were made w h ils t the subject was ly ing down with the le f t  
arm supported on a p illo w . The le f t  brachial a rte ry  was palpated.
'Aquasonic' gel was placed over the area and the probes held on the skin 
surface. The brachial a rte ry  was relocated by hearing the frequency s h ift  
via the stereo headphones. The pulse echotransducer was manoeuvred in to  
a position whereby signals from the posterior and a n te rio r walls of the 
brachial a rtery  were seen on the A-scan. A photograph was taken with a 
Polaroid oscilloscope camera (P late  2 ). Maintaining th is  d isp lay, the 
position of the Doppler probe was f in e ly  adjusted to maximise the s ignal.
When both signals were sa tis fac to ry  the v e lo c ity  signal was recorded and 
printed fo r approximately 80 heart beats. Subsequent to the recording, 
the skin temperature was measured approximately 5 cm d is ta l to the o rig in a l 
position of the probes, using an Edale Thermometer (Model C). The 
thermistor was strapped to the skin using fin e  micropore tape. The blood 
pressure was recorded using a standard sphygmomanometer and stethoscope.
The subject was weighed. Data was replayed from the tape recorder through 
the peak height analyser using the averaging mode. The value of the brachial 
artery  peak ve loc ity  was taken as the average of 50 heart beats.
Age, weight, forearm skin temperature, blood pressure and pulse rate were 
compared to peak ve loc ity  in males and females.
6.12 Patient Data
Patient data was obtained from a ll  patients admitted with chest pain to 
the Intensive Therapy Unit o f St George's Hospital over a period of six  
months. The d e fin it iv e  diagnoses included myocardial in fa rc tio n  with and 
without cardiogenic shock and unstable angina.
The techniques employed fo r  the measurement of brachial a rte ry  peak 
ve lo c ity  were those used fo r  data co llectio n  in the control group. The 
apparatus was set up and c a lib ra tio n  performed in  the same manner. The 
follow ing minor a lte ra tio n s  were necessary in recordings obtained from the 
p atien t group. The ECG was recorded from already positioned chest 
electrodes. Measurements were made from e ith e r  the le f t  or r ig h t arm 
depending on the s ite  of the intravenous infusion . The questionnaire  
(Appendix B) was modified to include such data as current chemotherapy.
I t  was not appropriate to weigh the p a tie n t.
The in i t ia l  measurement of brachial a rte ry  peak ve lo c ity  was made randomly
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with respect to the duration from onset of the attack and regardless of 
the type of medication given.
As an evaluation of the c lin ic a l state of the p atien t a t the time of the 
ve loc ity  measurement, Peel's Coronary Prognostic Index (Peel e t a l , 1962; 
Appendix C) was assessed by a physician. Serum cardiac enzyme le v e ls , 
ie  aspartate transaminase (AST) and hydroxybutyric dehydrogenase (HBD) were 
recorded (Normal AST Below 30 IU/L HBD 70-230 IU /L ).
At a la te r  date d e fin it iv e  diagnosis of acute myocardial in fa rc tio n  was 
made by evaluation of the electrocardiograph and the presence of raised  
serum cardiac enzymes. The degree of heart fa ilu re  was assessed on a 0 ,
+1 , + 2  system. 0  representing the absence o f heart fa i lu re ,  + 1  equivalent 
to a raised jugu lar venous pressure and basal c rep ita tio n s , and + 2  
representing h e a rt.fa ilu re  as seen by changes on the chest radiograph.
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CHAPTER 7
A. TECHNICAL RESULTS
7.1 Assessment of the Parks Model 806 Doppler Velocity Meter
Results o f frequency and Doppler voltage output were tabulated (Table 2) 
and graphs (Figure 11) p lo tted  of frequency against Doppler ve lo c ity  
output a t two Doppler gain settings and Doppler voltage output against 
Doppler gain settings a t two known frequencies. Results showed th a t : -
(1) The Doppler voltage outputs from channels A and B fo r
known frequencies are id e n tic a l;
(2) The Doppler voltage output was lin e a r  with respect to 
increasing input frequencies;
(3) For a given frequency the Doppler voltage output was 
lin e a r with respect to Doppler gain.
7.2 Assessment of the DC D iffe re n tia l A m plifier
Table 3 shows the changing gain with increasing frequency fo r  each of the 
4 f i l t e r s  of the am p lifie r.
TABLE 3
The E ffec t of F ilte r in g
Hz F i l te r  1 Gain
F i l te r  2 
Gain
F i l te r  3 
Gain
F i l t e r  4 
Gain
1.5 4.6 4.6 4.7 4.6
3 4.6 4.5 4.6 4 .4
5 4.5 4.4 4 .4 4.0
1 0 4.5 4.2 3.6 3.0
15 4.4 3.7 2 . 8 2 . 2
2 0 4.2 3 .4 2.5 1.9
30 3.9 2.7 1 . 8 1.3
50 3.3 1.9 1 . 1 0 . 8
70 2.9 1.4 0 . 8 0 . 6
1 0 0 2 . 2 1 . 0 0 . 6 0.4
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TABLE 2
R esu lts  from the Assessment o f  the Parks Model 806 Doppler V e lo c ity  Meter
Hz
Frequency
Doppler
Gain
CHANNEL A CHANNEL B
Medelec
V/cm
D e f le c t io n
rams
Doppler
Voltage
Output
Medelec
V/cm
D e f le c t io n
mms
Doppler
V oltage
Output
5000 50 0.2 . 4 2 .5 0 .85 0 .2 4 2 .0 0 .8 4
4000 50 0 .2 34 .0 0 .68 0 .2 34 .0 0 .6 8
3000 50 0.1 51 .0 0.51 0 .2 25.5 0.51
2000 50 0.1 33 .5 0 .3 4 0.1 34 .0 0 .3 4
1000 50 0 .05 33 .5 0 .17 0.1 17.0 0 .17
5000 20 0 .2 17 .0 0 .34 0 .2 17 .0 0 .3 4
4000 20 0 .2 14 .0 0 .28 0.1 28.5 0 .29
3000 20 0.1 21.0 0.21 0 .2 I T .5 0 .23
2000 20 0.1 13 .0 0 .13  ■ 0 .05 28 .0 0 .1 4
1000 20 0 .0 2 34 .5 • 0 .07 0.1 7 .0 0 .07
5000 10 0 .2 9 .0 0 .1 8 0 .2 8 .5 0 .17
4000 10 0.1 14.0 0 .1 4 0.1 14.0 0 .1 4
3000 10 0.1 10.0 0 .10 0.1 10 .5 0.11
2000 10 0 .05 14 .0 0 .07 0 .05 14 .0 0 .07
1000 10 0 .02 17.0 0 .03 0 .05 7 .0 0 .0 4
5000 5 0.1 9 .0 0 .0 9 0.1 9 .0 0 .0 9
4000 5 0.1 7 .0 0 .07 0 .05 14 .0 0 .07
3000 5 0 .05 10.0 0 .05 0.1 5 .0 0 .0 5
2000 5 0.05 7 .0 0 .0 4 0 .05 7 .0 0 .0 4
1000 5 0 .02 8 .0 0 .0 2 0 .05 3 .5 0 .0 2
5000 2 0.05 7 .0 0 .0 4 0 .05 7 .5 0 .0 4
4000 2 0 .05 5 .5 . 0 .03 0 .05 5 .5 0 .0 3
3000 2 0 .05 '4 .0 0 .0 2 0 .05 4 .0 0 .0 2
2000 2 0 .02 7 .0 . 0.01 0 .0 2 6 .5 0.01
1000 2 0 .02 3 .0 0 .006 0 .0 2 3 .5 0 .007
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FIGURE 11
Assessment o f the Parks Model 806 Doppler V elocity  Meter
(a) The E ffec t o f Increasing Frequency ori Doppler Voltage Output a t 2 Gains
(b) The E ffec t o f Varying Gains on Doppler Voltage Output a t 2 Frequencies
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Graphs were p lotted of gain against frequency fo r each f i l t e r  position  
(Figure 12) and the 3dB (max gain x 0.707) band width calculated (Table 4 ) .
TABLE 4
3dB Band Width fo r  Each F i l t e r
F i l te r 3dB Band Width Hz
1 50
2 2 2
3 1 1
4 9
7.3 Assessment of the Peak Height Analyser
Table 5 shows the ve lo c ity  recorded from the peak height analyser d ig ita l  
display with increasing input frequencies via the Doppler v e lo c ity  meter. 
Since the d ig ita l display indicated only whole numbers» the ve lo c ities  
calculated from the Doppler equation were corrected to the nearest whole 
number fo r comparison.
TABLE 5
Results from the Assessment of the Peak Height Analyser
Input
Frequency
Hz
Peak Height Analyser 
Observed Velocity  
Channel Channel 
A cms“  ^ B
Calculated
Velocity
cms"l
Corrected
Calculated
Velocity
cms"!
5000 57 58 57.4 57
4000 46 46 46.0 46
3000 36 36 34.5 35
2 0 0 0 25 25 23.0 23
1 0 0 0 13 13 11.5 1 2
Within the erro r of a two and a h a lf d ig it  display meter (+1.8% a t 57 cms ^) 
there was found to be no s ig n ific a n t d ifference (x 2  = 0 .1 1  p > 0.99) 
between the observed and corrected calculated v e lo c ities  in  both channels 
A and B. Subsequent analysis of a paper trace recording of a brachial 
artery  blood ve lo c ity  signal, showed the values of peak v e lo c ity  to concur
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with those displayed by the peak height analyser. The maximum pulse 
re p e titio n  rate fo r  the d ig ita l display update was approximately 20 Hz.
7.4 Evaluation of the Integrated System
Table 6  shows the voltage outputs of the individual components of the 
system with respect to changing frequency. The value of the overall gain, 
ie  tape recorder voltage output/Doppler voltage output, is indicated.
TABLE 6
Results from Evaluation of the Integrated System
Frequency
Hz
Doppler
Output
Volts
A m plifier  
Output 
Volts 
Gain 4.7
Tape Recorder 
Output 
Volts 
Gain 0.25
Overall
Gain
5000 0.85 4.0 1 . 0 0 1 . 2
4000 0 . 6 6 3.3 0.82 1 . 2
3000 0.50 2.5 0.60 1 . 2
2 0 0 0 0.34 1.7 0.41 1 . 2
1 0 0 0 0.17 0.84 0 . 2 0 1 . 2
Graphs of frequency against voltage output from the Doppler, Doppler and 
a m p lif ie r; Doppler, a m p lifie r and tape recorder were drawn and found to be 
lin e a r (Figure 13). The overall gain of the system was calculated and 
found to be equal to the sum of the component gains (a m p lifie r gain 4.7 x 
tape recorder gain 0.25 =? 1 .2 ) .
7.5 Evaluation o f  the Parks Model 806 Doppler V elocity  Meter on a Steady
Flow Rig
Results obtained in the steady flow r ig  experiment are presented in  
Table 7. Doppler ve lo c ities  were calculated from the Doppler equation by 
the insertion  of the appropriate angle. Graphs were p lo tted  of the 
ve lo c ities  calculated from known flow rates, against Doppler v e lo c itie s  fo r  
each of the 3 angles studied, ie  50°, 60°, and 70° (Figure 14). Regression
coeffic ien ts  were calculated based on a lin e a r f i t  (y =bx + a ) .  The
chi-squared p ro b ab ility  te s t fo r  the goodness of f i t  of the observed Doppler 
veloc ity  against the expected ve lo c ity  was calculated fo r each angle.
There is  no s ig n ific a n t difference between the observed and expected
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FIGURE 13
Voltage Output from (a) Doppler, (b) Doppler and A m p lifie r, and
(c) Doppler, A m plifier and Tape Recorder against Doppler Input Frequency
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TABLE 7
Data from the Steady Flow Rig Experiment
Doppler gain = 2 0
Doppler f i l t e r  veins = 1
10 kHz a t 0.1 v /d iv  = 69 mm
Cross-sectional Area Tube = 0.32 sq cm
Run No Volmis
T i me 
Secs
Flow
mls“l
Velocity  
V = F/A 
cms- 1
Deflection
mms
F
Hz
Velocity
Doppler
cms“l
L = 
1
50°
39 1 0 3.9 1 2 . 2 6 870 1 1 . 0
2 42 5 8.4 26.3 14 2029 25.6
3 72 5 14.4 45.0 28 4058 51.2
4 170 5 34.0 106.3 57 8261 104.2
5 2 1 0 5 42.0 131.3 6 8 9855 124.3
L = 
1
60°
34 1 0 3.4 1 0 . 6 6 ' 870 14.1
2 49 5 9.8 30.6 14 2029 32.9
3 6 8 5 13.6 42.5 2 1 3043 49.3
4 140 5 28.0 87.5 42 6087 98.7
5 240 5 48.0 150.0 70 10145 164.5
6 300 5 60.0 187.5 76. 11014 178.5
L = 
1
70°
35 1 0 3.5 10.9 4 580 13.7
2 44 5 8 . 8 27.5 1 1 1594 37.8
3 82 5 16.4 51.3 18 2609 61.8
4 165 5 33.0 103.1 35 5072 1 2 0 . 2
5 2 2 0 5 44.0 137.5 49 7101 168.3
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FIGURE 14(a)
Doppler Velocity against Actual V e locity  from the Steady Flow Rig
w ith a Probe Angle o f 50°
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FIGURE 14(b)
Doppler Ve locity  against Actual Ve loc ity  from the Steady Flow Rig
with a Probe Angle o f 60°
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FIGURE 14(c)
Doppler Ve locity  against Actual Ve loc ity  from the Steady Flow Rig
with a Probe Angle o f 70°
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ve lo c ities  fo r 50° (0 .9  > P > 0 .8 ) and 60° (0 .5  > P > 0 .2 ) .  However, 
there is  a s ig n ific a n t d ifference between the two lines when considering 
an angle of 70° (0.01 > P > 0 .001).
7.6 Evaluation o f the Parks Model 806 on a P u lsa tile  Rig
Actual and Doppler v e lo c ities  were calculated from the experimental results  
and are presented in Table 8 .
TABLE 8
Data from the P u lsa tile  Rig Experiment
C alibration  5 kHz = 50 mm
Doppler gain = 50
Sweep radius = 1 cm
Paper speed = 100 mms”^
ACTUAL VELOCITY DOPPLER VELOCITY
Run
No
E le c tric
Pulse
Distance
cm
Frequency
Hz
V elocity
cms“l
D eflecti on 
mms
Doppler
S h ift
Hz
V elocity
cms“ 1
1 0 0
2 91.0 1 . 1 6.9 15.0 1500 11.7
3 47.5 2 . 1 13.2 21.5 2150 16.7
4 33.5 3.0 18.8 32.5 3250 25.3
5 23.5 4.3 27.0 42.0 4200 32.7
6 16.5 • 6 . 1 38.3 54.5 5450 42.5
7 13.5 7.4 46.5 71.0 7100 55.3
8 1 1 . 0 9.1 57.2 80.0 8000 62.3
9 8.5 1 1 . 8 74.1 92.5 9250 • 72.1
1 0 8 . 0 12.5 78.5 93.5 9350 72.8
1 1 7.5 13.3 83.6 96.5 9650 75.2
A graph of frequency against Doppler ve lo c ity  was plotted (Figure 15).
The frequency response of the Parks Doppler was shown to be lin e a r  to 
approximately 9 Hz. Considering results w ith in  the lin e a r  region of the 
graph ( ie  the f i r s t  e ight points) regression coeffic ien ts  fo r  the Doppler 
ve lo c ities  were calculated ( r  = 0 .9 9 , y = 1.08x + 2 .8 4 ). A graph was drawn of
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FIGURE 15 •
Frequency Response o f the Parks Model 806 Doppler V elocity  Meter under 
P u lsa tile  Conditions
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FIGURE 16
The Correlation between Doppler Velocity  and Actual V e loc ity  over the 
Linear Range o f Results obtained under P u lsa tile  Conditions
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the Doppler lin e a r  regression and compared with the lin e  of no difference  
(Figure 16). The Doppler ve lo c ity  meter was found to overestimate by
2 . 8  cms"  ^ a t an actual ve lo c ity  of zero and by 6 . 8  cms”  ^ a t an actual
ve lo c ity  of 50 cms I f  i t  is  assumed th a t the mechanical model is
correct ( ie  there are no errors in calcu lating  the 'a c tu a l' v e lo c ity  from
the mechanical model) the erro r of the Parks Model 806 in measuring
ve lo c ity  is + 2 .8  cms  ^ + 8 % over the range of 0-50 cms- ^. However, i t  
is  possible th a t a percentage o f th is  e rro r is  due to the mechanical
lim ita tio n s  of the p u ls a tile  r ig  to provide an accurate fig u re  fo r  the
actual ve lo c ity . I t  is  therefore considered that the maximum e rro r in  the 
measurement o f blood v e lo c ity  in  vivo-using the integrated system described
in the te x t is  + 2 . 8  cms"  ^ + 8 %.
7.7 Investigation o f the Doppler Probe Ultrasonic Beam by Schlieren  
Optics
Figure 17, drawn to scale, shows the Schlieren image o f the u ltrasonic  
beam emitted from the p iezo e lectric  crysta ls  of the Doppler probe when 
acting as transm itters.
Scale 2:1
Ultrasonic Zone o f Maximum
Probe s e n s itiv ity
FIGURE 17
Schlieren Image, Sound Field  Pattern of the U ltrasonic Beam
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The shaded area represents the zone of maximum Doppler s e n s it iv ity , with 
the overlap occuring between 8-40 mm from the probe surface. Id e a lly  the 
artery  should be w ithin th is  area. The to ta l f ie ld  of s e n s it iv ity  is  
ac tu a lly  more d iffuse than shown in Figure 17 and is  adequate fo r  the 
study of su p erfic ia l a rte r ie s .
7 .8 Assessment of the Angle Measuring Technique
The pulse echo signals received a t the various angles studied were recorded 
by Polaroid photographs (P late 3 ) . Results show that with the probe a t 
r ig h t angles to the tube, signals o f approximately equal maximal amplitude 
were received from the an te rio r and posterior w alls . At + 2° from th is  
o rig ina l position , signals which were reduced in amplitude,were received 
only from the posterior wall of the tube. At + | °  from the o rig in a l 
position ,s ignals  were received from both walls but with less than 
maximal amplitude. I t  was concluded, using th is  technique, th a t angles 
could be measured to an accuracy o f + J° which a t the cosine of 45° + | °  
represents an erro r o f + 1.7%.
B. SUBJECT RESULTS
7.9 Control Data
Figure 18 shows a typ ical brachial a rte ry  v e lo c ity  trace from a normal 
in d iv id u a l. There is  an in i t ia l  rapid rise  in ve lo c ity  reaching a peak,
5000
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40
VELOCITY 
30 (cms’ 1)
2000 20
1000 1 0
FIGURE 18
A Typical Brachial Artery Velocity Trace from a Normal Individual
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(a)
Perpendi cu lar 
to
tube walls
(b)
+ 2° from 
perpendi cu la r
(c)
+ | °  from 
perpendicular
to decline more gradually to the zero l in e . A negative component indicating  
reverse flow is  seen in  some in d iv id u a ls . The smaller secondary wave, seen 
in a l l  traces corresponds to d ia s to lic  a r te r ia l e la s tic  re c o il.
Table 9 shows the brachial a rte ry  peak v e lo c ity  measurements obtained from 
60 male and 60 female control subjects. Figure 19 presents a histogram 
of these resu lts . A bimodality of the male control resu lts  was apparent. 
Analysis showed there to be two male control populations, ie  the s ta ff  o f 
the Imperial Tobacco Company and the employees of St George's Hospital 
(Table 10).
TABLE 10
Mean Peak Velocity (x ) ,  Standard Deviation (SD) and Standard Error (SE) 
of the Imperial and Hospital Groups (NS -  not s ig n ific a n t a t the 5% le v e l)
IMPERIAL HOSPITAL
MALE n , 
x cms 
SD 
SE
33
30.3 -  0.01 > F 
7.2  
1.4
> 0.001 -  35.2  
5.7  
1 . 0
FEMALE n , 
x cms” 
SD 
SE
9
26.9 -  NS 
4.9  
1 . 6
51
-  29.6 
6 . 8  
1 . 0
There is  a s ig n ific a n t d ifference (Unpaired 1 t 1 te s t 0.01 > P > 0 .0 0 1 ) in  
the male control group between the mean peak ve loc ity  obtained in Imperial 
and Hospital employees. No such difference was seen in the female control 
group (P > 0 .0 5 ).
No explanation can be given a t the present time fo r  the bim odality seen 
between the peak ve lo c ity  resu lts  of the male control groups from the 
Imperial Tobacco Company and the Hospital employees. Since the la t t e r  
group included a n c illa ry  s ta f f ,  adm inistrators and engineers, i t  was f e l t ,  
that they represented a more heterogeneous control population* and
*  Personal communication Saul Rosenburg, Associate Professor of B io s ta tis tic s , 
I l l in o is  U n ivers ity , Chicago.
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TABLE 9
Peak V e lo c i t y  R esu lts  o f  Male and Female Control Subjects  Showing Origin o f  
Sample In Order o f  Ascending Age
CONTROL MALE (n = 60) CONTROL FEMALE (n = 60)
P a t ien t
Source  
No - H = Hospital  
I = Imperial
Peak V e lo c ity  
cms"! P a t ie n t  No
Soure 
H = Hospital  
I = Imperial
Peak V e lo c i ty  
cms-1
83 H 29.6 74 H 26.6
107 I 2 8 .2 69 H 2 4 .2
66 H 2 6 .4 10 H 25.6
60 H 35 .8 120 I 21 .2
136 I 24 .6 6 H 2 7 .2
3 H 52.0 129 I 22 .0
- 42 H 4 4 .2 21 H 3 0 .2
111 I 27 .4 140 H *21.6
13 H 34.6 12 H 2 3 .2
158 H 27.0 1 H 26.2
119 I 31 .6 29 H 3 2 .2
51 H 29 .4 141 H 3 9 .6
50 H 3 4 .6 24 H 3 2 .4
84 H 4 2 .8 71 H 3 7 .0
105 I 23.0 26 H 2 3 .8
94 I 27.6 25 H 18.6
128 I 21 .4 115 I 2 8 .4
5 H 3 5 .8 55 H 3 5 .6
80 H 26.2 75 H 28.6
101 I 4 9 .8 58 H 3 7 .0
126 I 29.2 . 56 H 55.6
8 H 36.0 67 H 27 .8
125 I 25 .2 35 H 27.0
14 H 29 .4 90 I 21 .2
106 I 3 4 .2 57 H 34 .6
99 I 29 .2 63 H 29.0
39 H 3 0 .2 54 H 23.2
117 I 35 .6 70 H 3 1 .8
82 H 38 .8 28 H 3 2 .4
68 H 3 3 .7 11 H 2 9 .4
113 I 33 .0 73 • H 3 1 .8
76 H 3 5 .8 145 H 29 .6
72 H 3 5 .6 144 H 27.0
81 H 43.6 146 H 29.6
118 I 32 .2 153 H 32 .0
104 I 3 8 .6 157 H 26.0
98 H 3 6 .4 124 I 3 0 .8
7 H 3 5 .2 34 H 28 .8
15 H 35.6 148 H • 2 5 .4
130 I 25 .2 32 H 27.6
100 I 26.6 142 H 4 0 .6  .
86 I 27.6 150 H 24.2
41 H 34.0 149 H 2 5 .8
134 H 3 2 .2 37 H 29.0
97 I 4 4 .2 156 -H 20 .0
65 H 3 5 .2 59 H 4 8 .2
18 H 3 7 .2 151 • I 26 .8
46 H 4 2 .2 155 H 22.6
127 I 2 6 .8 30 H 2 2 .4
112 I 34 .2 no . I 31 .8
85 I 26 .4 77 H 24 .4
87 I 28.0 152 H 23.8
102 I 2 0 .8 109 H 26.6
135 H 28.0 132 I 3 4 .4
40 H 3 5 .2 121 I 25 .6
89 I 44 .2 143. H 35 .4
45 H 41.6 154 H 29 .8
52 H 3 6 .2 61 H 35.4
123 I 23 .8 ' 31 H 3 9 .2
17 H 30 .8 79 H 3 2 .2
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there fo re*in  the te x t "male controls" w ill re fe r  to the male Hospital 
employees only. Since no s ig n ific a n t d ifference (P > 0.05) was noted in  
the female groups the "female controls" w ill  re fe r  to a l l  female controls  
studied.
Comparing results* (Table 11) there was found to be a highly s ig n ific a n t  
difference (Unpaired ’ t 1 te s t P < 0.001) between the mean peak v e lo c ity  
obtained in male and female control subjects.
TABLE 11
Mean Peak V elocity  (x ) ,  Standard Deviation (SD) and Standard Error (SE) 
of Male and Female Control Results
CONTROL
MALE
CONTROL
FEMALE
2  - 1x cms
SD
SE
35.2 -  P < 0 
5.7 
1 . 0
60
.001 -  29.3 
6.9  
0.9
Male (a) and female (b) control data o f age, blood pressure (BP), heart 
rate  (HR), forearm skin temperature (ST), and weight (Wt) is  presented in  
Table 12. Correlation co effic ien ts  were calculated fo r each parameter 
with respect to peak ve lo c ity  (Table 13). Where a s ig n ific a n t corre la tio n  
was found,regression co effic ien ts  were calculated assuming a lin e a r  f i t  
(y = bx + a ) .
TABLE 13
Correlation C oeffic ients ( r )  and Significance (P) of Age, BP, HR, ST and 
Wt against Peak Velocity in Male and Female Controls
Correlation of 
Peak Velocity  
wi th : -
CONTROL „ „  
MALE n -
CONTROL
FEMALE n = 60
. r . .............. P.................. . . r P
Age 0.05 NS 0.14 NS
BP 0.26 0.05 > P > 0.02 0 . 1 0 NS
HR 0.24 NS 0.04 NS
ST 0 . 2 2 NS 0 . 2 0 NS
Wt 0.14 NS 0.03 NS
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TABLE 12a
Control Male Data
P a t ien t  No Age Weightkgs
Blood
Pressure
mmHg
Heart Rate 
Beats/Mi n
Forearm 
Skin Temperature
°C
Smoker Peak V e lo c ity  cms'l
'83 23 68 .9 110/70 72 3 3 .8 / 29 .6
66 23 57.6 100/80 84 3 0 .6 / 2 6 .4
60 24 6 0 .0 118/85 60 3 3 .4 X 3 5 .8
3 24 64 .9 127/70 60 33.7 X 52.0
42 24 79 .4 145/95 76 3 4 .8 X 4 4 .2
158 27 76.3 110/75 68 32 .0 / 27.0
13 27 60 .3 98/75 68 3 4 .4 X 34.6
50 28 62 .6 110/80 68 3 4 .0 X 3 4 .8
51 28 8 4 .4 140/80 104 ! 32 .8 X 29 .4
84 29 74 .4 130/70 64 3 1 .5 / 4 2 .8
5 31 63 .5 95/60 74 33 .6 X 3 5 .8
80 31 83 .0 110/75 68 3 3 .4 X 26.2
8 32 59 .9 100/65 80 3 5 .0 X 3 6 .0
14 33 68 .9 98/70 84 3 4 .4 X 29 .4
39 35 82 .5 102/65 68 3 4 .0 / 30 .2
82 37 83.9- 118/75 80 33 .9 X 3 8 .8
68 39 69 .8 130/90 80 33 .6 X 33.7
76 41 85 .3 140/90 72 3 3 .4 / 3 5 .8
72 43 63 .5 110/75 72 32.7 X 35.6
81 44 69 .8 110/65 84 3 4 .0 / 4 3 .6
98 44 70.7 120/75 80 31.7 X 3 6 .4
7 44 8 5 .7 115/60 80 34 .0 / 35 .2
15 44 7 8 .5 115/75 72 33 .6 / 35 .6
41 46 91 .2 v 120/75 60 34 .8 X 34 .0
134 47 73.0 140/90 68 31 .5 X 32.2
65 50 82 .5 120/80 68 3 1 .4 / • 35 .2
18 51 59 .5 102/62 56 3 4 .4 / 37 .2
46 53 7 3 .0 140/95 80 33 .2 / 4 2 .2
135 55 7 3 .0 .1 5 0 /9 0 72 32.1 X 28.0
40 56 90 .7 130/70 76 33 .4 X 3 5 .2
45 57 59 .9 140/82 56 3 3 .8 X 41 .6
52 58 68.9 120/80 72 3 3 .4 / 36 .2
17 59 7 4 .4 120/75 76 3 4 .8 X 3 0 .8
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TABLE 12b
Contro1 Fema1e Data
P a t ien t  No Age Weightkgs
Blood
Pressure
mmHg
Heart Rate 
Beats/Min
Forearm 
Skin Temperature Smoker Peak V e lo c ity  cms- "*
74 20 4 5 .4 105/65 84 33 .0 X 26 .6
69 20 47 .6 100/65 64 33.1 X 24 .2
10 20 60 .8 115/65 86 3 3 .2 X 2 5 .6
120 21 4 9 .9 130/70 92 32 .7 / 21 .2
6 21 5 4 .0 110/75 78 3 3 .8 / 2 7 .2
129 22 52 .6 120/75 80 3 2 .3 / 2 2 .0
21 22 5 4 .0 110/75 80 . 33 .6 / 3 0 .2
140 23 56 .3 105/70 52 32.1 X 2 1 .6
12 23 46 .7 112/85 92 3 3 .4 X 23.2
1 24 5 9 .4 100/60 80 3 1 .8 X 2 6 .2
29 24 4 5 .4 100/60 72 33 .6 X 3 2 .2
141 25 53.1 125/75 64 31 .6 X 3 9 .6
' 24 26 53 .5 115/65 60 34 .0 / 3 2 .4
71 27 65 .3 115/65 64 3 2 .4 / 3 7 .0
26 29 57.1 100/65 72 3 4 .6 X 2 3 .8
25 30 54 .0 100/60 64 3 2 .0 X 18.6
115 32 64 .9 140/80 52 3 1 .4 X 2 8 .4
55 32 59 .4 90/62 54 34 .4 X 3 5 .6
75 33 60 .3 120/80 64 33.1 X 28.6
58 33 57.1 115/75 56 33 .6 X 3 7 .0
56 33 52.1 106/60 80 3 5 .2 X 55.6
67 33 4 9 .9 100/60 80 32 .3 X 27 .8
35 33 4 5 .8 105/85 88 34 .6 X 27 .0
90 35 51 .7 120/50 84 31 .7 / 21 .2
57 36 57.1 105/60 84 34.1 X 34.6
63 36 5 0 .8 112/65 84 3 3 .4 X 29 .0
64 37 5 8 .0 88/68 44 3 4 .8 X 23 .2
70 37 57.1 105/65 64 32 .3 / 3 1 .8
28 38 57.1 140/90 80 3 3 .0 X 3 2 .4
11 38 64 .9 110/65 65 3 3 .4 X 29 .4
73 43 6 9 .8 135/90 80 3 3 .0 X 3 1 .8
145 43 81 .7 105/70 64 3 3 .2 X 2 9 .6
144 43 62 .5 ■ 100/70 84 32 .6 / 27 .0
146 43 53.6 120/80 76 3 1 .8 X 29 .6
153 43 5 5 .8 130/70 72 29 .8 / 3 2 .0
157 43 56 .3 130/70 84 3 1 .0 / 2 6 .0
124 44 65.3 115/70 80 3 1 .8 / 3 0 .8
34 44 66 .7 95/60 72 3 4 .8 X 2 8 .8
148 45 52.7 115/75 72 3 1 .6 / 2 5 .4
32 46 53.1 110/82 64 3 3 .4 / 27 .6
142 47 5 2 .2 160/100 72 31 .3 X 4 0 .6
149 47 50 .5 120/70 72 33 .0 / 2 5 .8
150 47 55 .4 130/90 60 3 1 .2 / 24 .2
37 48 64 .9 140/75 64 3 2 .2 / 2 9 .0
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.TABLE 12b (Continued)
Control Female Data
P a t ie n t  No Age Weightkgs
Blood
Pressure
ircnHg
Heart Rate 
Beats/Min
Forearm 
Skin Temperature 
°C
Smoker Peak V e lo c ity  cms"^
156 48 . 53 .4 140/85 68 3 1 .4 / 2 0 .0
59 51 5 4 .0 110/65 60 33 .7 / 4 8 .2
151 51 68 .8 120/80 80 31.6 / 2 6 .8
155 51 62 .5 130/75 52 30 .8 X 22.6
30 52 5 8 .0 150/100 68 3 3 .6 X 2 2 .4
110 53 60 .3 135/85 84 30 .4 X 3 1 .8
77 53 57.1 120/75 64 32 .7 / 2 4 .4
152 53 61 .6 95/65 56 3 1 .8 X 2 3 .8
109 54 6 5 .8 130/70 96 31 .6 X 26.6
132 54 60.3 130/75 100 31 .0 / 3 4 .4  '
121 55 48 .5 145/80 88 31 .9 / 25 .6
143 55 51.3 145/85 80 3 1 .5 X 3 5 .4
154 55 56.3 130/85 60 3 0 .6 X 2 9 .8
61 56 53.1 142/100 64 3 4 .8 X 3 5 .4
31 56 6 0 .3 128/82 62 32 .0 X 39 .2
79 59 51.7 140/75 80 34 .0 / 3 2 .2
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There is  a s ig n ific a n t positive  corre la tion  (y = O .lx + 23 .1 ,0 .05  > P > 
0 . 0 2 ) between blood pressure and peak ve loc ity  in the male control group 
(Figure 20). No other parameter bore s ig n ific a n t corre lation  to peak 
ve lo c ity  in e ith e r male or female controls.
PEAK
VELOCITY
(cms~^)
60
50
40
30
20
1 0
0
80 90 100 110 120 130 140 150 160 170
SYSTOLIC BLOOD PRESSURE (mm Hg)
FIGURE 20
The Correlation between Peak Velocity  and Systo lic  Blood Pressure in  the 
Male Control Group
Th irty -n ine  per cent of the male and 40 per cent o f the femal 
groups were smokers (Table 14).
e control
There is no s ig n ific a n t difference (Unpaired ' t 1 te s t P > 0.05) between 
mean peak ve loc ity  results in the smoker compared with the non-smoker 
in e ith e r male or female control subjects.
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TABLE 14
Mean Peak Velocity (x ) ,  Standard Deviation (SD), and Standard Error (SE) 
of Smokers (S) Compared with Non-Smokers (NonS)
CONTROL n 
MALE . n -
CONTROL n 
FEMALE n = 6 0
S NonS s NonS
n
Of£ - 1
x cms
SD
SE
13
39
35.2 -  N 
5.7  
1 . 6
2 0
61
S -  34.7 
5.7  
1.3
24
40
29.6 -  N 
6.9  
1 . 2
36
60
S -  28.4 
6 . 1  
1 . 2
7.10 Patient Data
Figure 21 presents typ ical control and p atien t ve loc ity  traces showing 
the e ffe c t o f an ex trasysto lic  beat. The peak of the v e lo c ity  signal in  
the p a tien t trace is substan tia lly  less than th a t o f the contro l. The 
extrasysto lic  beats corresponds to a decrease in peak v e lo c ity  compared 
with previous beats, showing a dramatic increase in peak v e lo c ity , 
concurrent with the next normally conducted beat.
50
40
VELOCITY
- i
(cms ) 30
20
1 0
(a) (b)
FIGURE 21.
(a) Control Velocity  Trace
(b) Patient Velocity Trace Showing an Extrasysto lic  Beat
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The complete c lin ic a l and recorded data obtained from the p a tien ts , 44 
males and 14 females is presented in Table 15. The mean peak ve lo c ity  
results fo r the patien t data is  summarised in  Table 16.
TABLE 16
Mean Peak Velocity  (x ) ,  Standard Deviation (SD), and Standard Error(SE) 
o f Patient Data
PATIENT
MALE
PATIENT
FEMALE
s - 1x cms 
SD 
SE
44
24.9 -  NS 
7.3 
1 . 1
14 
-  27.5 
8 . 0  
2 . 1
There is  no s ig n ific a n t d ifference (Unpaired 1t 1 te s t P > 0 .05) between 
the mean peak ve lo c ity  in male and female patients .
Correlation coeffic ien ts  were calculated fo r age, BP, HR, ST and Peel's  
Index (P I) with respect to peak ve lo c ity  (Table 17). Where s ig n ific a n t  
correlations were found,regression co effic ien ts  were calculated  
assuming a lin e a r  f i t  (y = bx + a ).
TABLE 17
Correlation C oefficients ( r )  and Significance (P) o f Age, BP, 
HR, ST and PI against Peak V elocity  in Male and Female Patients
Correlation  
o f Peak V elocity  
wi th :
PATIENT
MALE
PATIENT
FEMALE
n r P n r P
Age 44 0 . 1 0 NS 14 0.04 NS
BP 42 0 . 2 0 NS 14 0.32 NS
HR 43 0 . 2 2 NS 14 0 . 0 2 NS
ST 43 0.33 0.05 > P > 0.02 13 0.44 NS
PI 43 0.37 0.02 > P > 0.01 1 2 0.14 NS
There is a s ig n ific a n t positive corre lation  (y = 1.93x -  38 .4 , 0.05>
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TABLE 15 
P atient Data
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P > 0.02) between forearm skin temperature and peak ve lo c ity  and a 
s ig n ific a n t negative corre lation  (y = -0.44x + 30 .1 , 0.02 > P > 0.01) 
between Peel's Index and peak ve lo c ity  in  male patients (Figure 22).
No other parameters bore a s ig n ific a n t correlation  with peak ve lo c ity  
in e ith e r  male or female patients .
Of the male patients 74% were smokers (inform ation was unavailable fo r  
2  subjects) compared with 50% in  the female patien ts . Table 18 compares 
the mean peak ve lo c ity  o f smoker and non-smokers.
TABLE 18
Mean Peak V elocity  (x ) ,  Standard Deviation (SD) and Standard Error (5E) 
of Smokers (S) Compared with Non-Smokers (NonS)
PATIENT
MALE
PATIENT
FEMALE
S NonS S NonS
n
• °f -  - 1  x cms
SD
SE
31
74
25.5 -  I  
6.9  
1 . 2
1 1
26
IS -  25.5 
7.4  
2 . 2
7
50
27.1 -   ^
8.9  
3.4
7
50
IS -  27.9 
7.7  
2.9
There was no s ig n ific a n t difference (Unpaired ' t 1 te s t P > 0 .05) 
between the mean peak ve lo c ity  in  smokers compared with non-smokers 
in  e ith e r male or female patients.
Thirty-tw o males (73%) and 7 females (50%) patients were shown to 
have d e fin it iv e  diagnoses o f acute myocardial in fa rc tio n  (Table 19).
There is  no s ig n ific a n t difference (Unpaired 1 t 1 te s t P > 0 .05) between 
mean peak ve lo c ity  in  patients with and without in fa rc tio n  in  males 
or females.
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FIGURE 22
The Correlation between Peak Velocity and (a) Forearm Skin Temperature 
(b) Peels' Index in the Male Patient Group
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TABLE 19
Mean Peak Velocity  (x ) ,  Standard Deviation (SD) and Standard Error (SE) 
of Patients With and Without Myocardial In farc tio n  (MI)
PATIENT
MALE
PATIENT
FEMALE
Ml Non-Mi Ml Non-Mi
n 32 1 2 7 7
°/£ - t
x cms
73 27 50 50
24.0 -  NS -  27.4 26.7 -  NS -  28.4
SD 7.4 6.9 8 . 2 8.4
SE 1 o3 2 . 0 3.1 3.2
Of the male patients 23 (52%) presented with heart fa ilu re  (HF) 
compared with 8  female patients (57%) (Table 20).
TABLE 20
Mean Peak Velocity  (x ) ,  Standard Deviation (SD) and Standard Error (SE) 
of Patients With and Without Heart Failure
PATIENT
MALE
PATIENT
FEMALE
HF No HF HF No HF
n 23 2 1 8 6
t  - i
x cms
52 48 , 57 43
23.4 -  NS -  26.6 23.8 -0 .0 5  > P > 0 .0 2 -  32.6
SD 7.5 7.0 6 . 1 7.8
SE 1 . 6 1.5 2 . 2 3.2
There is  no s ig n ific a n t d ifference (Unpaired ' t 1 te s t P > 0 .05) between 
mean peak ve lo c ity  in patients with and’ without heart fa ilu re  in males. 
However, there is a s ig n ific a n t d ifference (0.05 > P > 0.02) between 
mean peak ve lo c ity  in female patients with and without heart fa i lu re .
Eight (14%) of the patients died (x 17.2 SD 5 .2  SE 1.8 ) ,  5 males and 
3 females (Table 21).
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TABLE 21
Mean Peak Velocity  (x ) ,  Standard Deviatioii (SD) and Standard Error (SE) 
of Patients who Died Compared with those who Survived
TOTAL
DEATHS
PATIENT
MALE
PATIENT
FEMALE
DIED SURVIVED DIED SURVIVED
n 8 5 39 3 1 1
% o f to ta l 14 1 1 89 2 1 79
x cms“l 17.2 15.2 -  P < 0 . 0 0 1  -  26.2 20.5 - NS -  29.5
SD 5.2 5.1 6.7 3.9 7 .8
SE 1 . 8 2.3 1 . 1 2 . 2 2.4
There is  a highly s ig n ific a n t d ifference (Unpaired ' t 1 te s t P < 0.001) 
between mean peak v e lo c ity  in survivors and non-survivors in male 
patients, but no s ig n ific a n t d ifference (P > 0.05) between the two 
groups in female patients .
7.11 Comparison of Peak V elocity  Results Obtained in the Control 
and Patient Groups
The histogram in Figure 23" shows the d is tr ib u tio n  of the mean brachial 
arte ry  peak ve lo c ity  resu lts  of the male and female controls and 
patien ts .
Table 22 summarises the significance of the mean peak ve lo c ity  re s u lts , 
obtained in control and p atien t subjects.
TABLE 22
A Summary of Mean Peak Velocity (x) Results from the Patient and Control 
Groups
CONTROL PATIENT
MALE x cms"  ^
FEMALE x cms ^
35.2  (n = 3 3 )« e -P <  0 .0 0 1 -^ 2 4 .9  (n = 44)
t  t
P < 0.001 NS
1 1
29.3  (n = 60) * ------- NS---------»• 27.5  (n = 14)
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FIGURE 24
The D is tribu tion  of Mean Brachial Artery Peak Velocity  in  the Male and 
Female Controls and Patients showing the Standard Error
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There is  a highly s ig n ific a n t d ifference [Unpaired ' t '  te s t P < 0.001) 
between the mean peak v e lo c ity  resu lts  obtained in the male control 
group compared with the male p a tien t group. No s ig n ific a n t d ifference  
(P > 0.05) is  seen between the female control and p atien t groups (Figure 24).
When those individuals who died are excluded from the p a tien t group, the 
significance o f the resu lts  remains unchanged (Table 23).
TABLE 23
A Summary of Mean Peak Velocity  (x) Results from Surviving Patients and 
the Control Group
■ SKSS?
MALE x cms  ^
FEMALE x cms ^
35 .2  (n = 3 3 )« -P  < 0.001 ^ 2 6 . 2  (n = 39)
t  t
P < 0.001 NSI I
29.3 (n = 60) < -------- NS------ *• 29.5 (n = 11)
7.12 Resume of Control and Patient Results
(1) . There is  a s ig n ific a n t d ifference (P < 0.001) between the mean 
brachial a rte ry  peak v e lo c ity  in male and female control subjects.
There is  no s ig n ific a n t d ifference (P > 0.05) between mean brachial 
arte ry  peak ve lo c ity  in male and female patien ts .
(2) In the male control group there is  a s ig n ific a n t positive  
corre lation  (0.05 > P > 0.02) between blood pressure and peak v e lo c ity .
In the male patien t group there is  a s ig n ific a n t po s itive  co rre la tio n  
(0.05 > P > 0.02) between forearm skin temperature and peak v e lo c ity , 
and a s ig n ific a n t negative corre lation  (0 .02 > P > 0.01) between the 
Peel's Index and peak ve lo c ity .
(3) There is  no s ig n ific a n t d ifference (P > 0.05) between mean brachial 
a rte ry  peak ve lo c ity  o f smokers and non-smokers in males or females in  
e ith e r the control or p a tien t groups.
(4) There is  no s ig n ific a n t d ifference (P > 0.05) between mean brachial
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arte ry  peak ve lo c ity  in patients with or without diagnosed acute 
myocardial in fa rc tio n , in males or females.
(5) There is  no s ig n ific a n t d ifference (P > 0.05) between mean brachial 
artery  peak ve lo c ity  in patients with or without heart fa ilu re  in  
males. However, there is  a s ig n ific a n t d ifference (0 .05 > P > 0.02) 
between the two groups in the females.
( 6 ) Within the male p atien t group there is  a s ig n ific a n t d ifference  
(P < 0.001) between the mean brachial a rte ry  peak v e lo c ity  o f patients  
who died and those who survived. No s ig n ific a n t d ifference (P > 0 .05) 
is  seen between the survivors and non-survivors in the female p a tien t 
group.
(7) There is  a highly s ig n ific a n t d ifference (P < 0.001) between mean 
brachial a rte ry  peak ve lo c ity  in male control subjects compared with male 
patients admitted to an Intensive Care Unit with chest pain. No such 
s ig n ific a n t d ifference (P > 0.05) was noted between the female groups.
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Se c tio n  4 
Di s c u s s io n  and Conclusion
ioo
CHAPTER 8
GENERAL DISCUSSION
Over one quarter of deaths amongst B ritish  males under the age o f 45 can 
be a ttrib u ted  to ischaemic heart disease (O liv e r, 1968;). I t  is  suggested 
that i f  the atherosclerotic  process could be completely prevented, the 
l i f e  expectancy, a t b irth , 69.2 years in males and 75.6 years in females, 
(O ffice  of Population Censuses atfd Surveys, 1977b;) would be extended by
7 years in men, and 9 years in women (Rose, 1972;).
The s ig n ific a n t loss of young l i f e  to the social and economic structure o f 
the community caused by ischaemic heart disease,warrants consideration o f a 
prevention programme. Although a t the present time i t  is  ne ither economically 
or e th ic a lly  ju s t i f ia b le  to implement widespread screening to detect 
individuals with asymptomatic ischaemic heart disease, i t  is feas ib le  by way 
of primary prevention,to id e n tify  and advise high coronary r isk  indiv iduals  
(see Chapter 1) in an attempt to a rres t the development of ischaemic heart
disease. Since, however, e ffe c tive  primary prevention must be based on the
findings of la rg e , long-term s c ie n tif ic  studies involving complex and 
costly organisation, secondary prevention, th a t is  the prolongation of l i f e  
and the reduction of morbidity subsequent to the c lin ic a l m anifestation of 
ischaemic heart disease*is unfortunately the accepted regime.
The development of purpose b u ilt  'secondary prevention' units, th a t is  
Coronary Care Units (CCU), f i r s t  seen in Toronto in 1962 (Whipple e t a l , 
1975;), allowed the concentration of specialised investigations and 
techniques necessary to assess the severity  of the p a tien ts ' cardiac  
condition. In association with the c lin ic a l examination carried  out by a 
physician, the value of certa in  simple procedures in the assessment o f the 
cardiac p a tie n t, such as continuous electrocardiographic monitoring and 
the seria l measurement of serum.cardiac enzymes, have been well 
established (Ju lian , 1973; Houston e t a l , 1972;). However, other more 
complex techniques such as catheteriza tio n  and echocardiography providing  
detailed  comprehensive data including measurements of cardiac pressures, 
cardiac output, the extent of vessel disease, l e f t  v e n tricu la r dimension 
and e jection frac tio n s , have lim ited  app lication . C ath eteriza tio n , which 
is  an invasive technique requiring a number of s k ille d  personnel, is
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however costly , and carries a certa in  morbidity and m o rta lity  risk  
(Barnes e t a l , 1973; Barnes e t a l , 1974;). Although echocardiography has 
the advantage of being non-invasive, i t  is a d i f f ic u l t  technique, unsuitable 
fo r routine c lin ic a l assessment.
C atheterization and echocardiography are i l lu s t r a t iv e  of techniques 
availab le  fo r cardiac evaluation in highly selected p a tien ts , but which are 
to ta lly  unsuitable fo r re p e tit iv e  assessment of patients admitted to a CCU. 
There therefore remains the requirement fo r a simple, non-invasive 
repeatable technique, which can be carried out by paramedical personnel 
who have received a minimum period of tra in in g , to rap id ly  provide 
information concerning the general cardiovascular status of the p a tie n t.
I t  is  the hypothesis of th is  thesis th a t the non-invasive measurement of 
brachial a rte ry  peak ve lo c ity  may re f le c t  cardiovascular performance and 
hence be of value in the c lin ic a l assessment and management of patients  
with myocardial dysfunction.
Several investigators have suggested th a t maximum acceleration is  a more 
sensitive parameter of cardiac performance than peak v e lo c ity  (Noble e t a l , 
1966; Jew itt e t a l , 1974;). However, the measurement of maximum 
acceleration using the apparatus described in the present study is  
u n ju s tified  due to f i l t e r  lim ita tio n s .
Harmonic analysis of a blood ve lo c ity  curve from the ascending aorta, 
indicates th a t the m ajority o f  the frequency information is  contained in  
the f i r s t  7-8 harmonics (McDonald, 1974;) equivalent, a t a heart rate  of 
75 beats per minute, to component frequencies of 0-10 Hz. Experiments 
under p u ls a tile  conditions have shown the Parks Doppler v e lo c ity  meter to 
have a lin e a r frequency response to approximately 9-10 Hz. In order to  
quantitate maximum acceleration i t  is  necessary to consider frequencies 
of up to 20 Hz (Bennett e t a l , 1974;). Within the Parks Doppler Model 806 
ve lo c ity  meter there is  an output capacitor which, by lim itin g  the band w idth, 
f i l t e r s  out the frequencies essential in the acurate determination o f maximum 
acceleration and therefore re s tr ic tin g  the use o f th is  model to the assessment 
o f v e lo c ity .
The use o f peripheral artery  some distance from the heart in  the assessment 
of cardiovascular performance is open to c r itic is m . Many investigators  
have, fo r example, noted the e ffe c t o f a lte ra tio n  in brachial a rte ry  flow
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concurrent with changes in peripheral resistance caused by local 
temperature varia tio n  (Ski 1 ton e t a l , 1973; Kuzuya et a l , 1973; Matsuo’ 
e t a l ,. 1973; Nimura- e t a l , 1974;), the emotional state of the p a tie n t,
(Nimura e t a l , 1973;), induced hypertension (M iyazaki, 1971;), moderate 
forearm constriction (Joyner, 1975;) and forearm exercise (Gault e t  a l ,
1966;). There is  no doubt th a t the vascular bed served by the brachial 
artery  is  subject to a d ive rs ity  of influences mediated neurally  and 
humorally, resu lting  in changes in brachial a rte ry  flow . However, 
measurements of brachial a rte ry  blood flow parameters (flo w , mean and/or 
peak ve loc ity  and acceleration) under basal conditions, must in some way 
re f le c t  the state of peripheral perfusion and central Jiaemodynamics.
The acceleration of blood in the ascending aorta and to  a lesser extent 
peak ve loc ity  or flow , are suggested to be good indices of l e f t  ven tric u la r  
performance (N utter e t a l , 1971; Baan e t  a l , 1972;. Bennett e t a l , 1974;
Jew itt e t  a l , 1974;). Furthermore, several investigators have shown th a t  
changes in carotid a rte ry  blood flow parameters, induced by in terventions  
which a lte r  myocardial function, p a ra lle l those seen in the ascending 
aorta in both magnitude and d irection  (Chimoskey et a l , 1974; Gams e t a l ,
1974; Chimoskey e t a l , 1975;). From these indications i t  would seem more 
valuable to quantitate  carotid  a rte ry  peak ve lo c ity  non-invasively in the 
assessment of cardiac function, and during the course of the present study, 
attempts were made to measure th is  parameter.
Using the methods described e a r l ie r  in the te x t (Section I I ) ,  several 
technical problems were found to be insurmountable when attempting to 
measure carotid  artery  peak v e lo c ity . I t  was d i f f ic u l t  to manoeuvre the 
probes w ith in  the length o f the neck, in terference in the sh ifted  frequency 
from the jugular vein was often strong arid breathing movements often upset 
the alignment of the probes (see page 4 9 ). Consequently, v e lo c ity  traces  
from the carotid  a rte ry  were of poor q u a lity , non-reproducible and 
unobtainable in some in d iv id u a ls ,p a rtic u la r ly  those with th ick  necks. 
Furthermore, considering the i l l  p a tie n t, the jugular vein is  often the 
s ite  fo r  introduction of a central venous pressure l in e , leading to a 
degree of immobility of the neck and making access to a carotid  a rte ry  more 
d i f f ic u l t .
Therefore accepting the lim ita tio n s , the brachial a rte ry  seemed to o ffe r  many 
advantages. Unlike the carotid a rte ry  i t  is ra re ly  a ffected  by atherosclerosis
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a t the level of the antecubital fo s s a ,it  is  quite s u p e rfic ia l, easily  
accessible o ffe rin g  a suitable area fo r manipulation of the probes and 
is  unaffected by central body movements. The ve lo c ity  signals are of 
good reproducible q u a lity  and are obtainable in 1 0 0 % of subjects.
Combining the technical advantages, with evidence th a t suggests blood 
flow parameters in peripheral a rte rie s  can provide information of cardiac 
performance (Benchimol e t a l , 1968a; Benchimol e t a l , 1970b; Baan and Kahl, 
1974; Joyner, 1975; Immink e t a l , 1976;) the brachial a rte ry  was chosen as 
the s ite  of peak ve loc ity  measurements.
Peak ve lo c ity  is  perhaps a misleading term and could more accurately be 
replaced by 'weighted mean peak v e lo c ity ',  that is , the maximum value of 
the mean of the ve lo c ity  p ro file  a t the point of measurement which is  
weighted by the Doppler ultrasonic technique employed. Factors which 
e ffe c t  the weighting include the non-uniform d is trib u tio n  of the erythrocytes  
in the blood vessel, the non-ideal re fle c tin g  surface and shape of the red 
c e lls , the reduction in  beam in te n s ity  across the vessel, the varying 
receiver s e n s itiv ity  due to the- distance from the re fle c tin g  p a rtic le s , 
and the additional Doppler s h if t  as a re su lt o f vessel wall and tissue  
movements (W ilie , 1977;).
Flow is dependent on the presence of a pressure d ifference. Within the 
a r te r ia l system, flow results from a varying pressure gradient created 
by the tra v e llin g  pressure pulse. However, the re la tionsh ip  between flow  
and pressure in vivo is  complex, since the net driving force on the 
blood not only depends on the pressure grad ient, but also on other 
factors including viscous drag, wave re flec tio n s  and vessel e la s t ic ity .
Of the secondary e ffe c ts , viscous drag is  probably predominant.
At a given point peak v e lo c ity , ie  the mean of the ve lo c ity  d is tr ib u tio n  
a t the peak flow condition, occurs when the net driving force on the 
blood is  zero. That is , the instant a t which the force resu lting  from the 
pressure gradient minus the viscous drag is  equal to zero, neglecting the 
e ffe c t of other secondary facto rs . Therefore a t the point of peak v e lo c ity  
the pressure gradient s t i l l  ex is ts . Chronologically due to the secondary 
factors peak ve lo c ity  in vivo succeeds the peak pressure gradient but
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preceeds peak pressure. In the absence o f secondary factors peak ve lo c ity  
would coincide with peak pressure a t the zero pressure gradient (McDonald, 
1974;).
8.1 Discussion of Data
In the past there has been no su itab le  technique availab le  to quantita te  
brachial a rte ry  peak ve lo c ity  in a large number of control subjects and 
patients with which the present study can be compared.
Within the control group there was found to be a s ig n ific a n t d ifference in  
peak ve lo c ity  results between the male and female subjects, which may be 
a function of d iffe r in g  cardiac muscle mass (mean cardiac muscle mass 
male 322 g, female 252 g, Documenta Geigy, 1966;).
In the male control group systo lic  blood pressure was found to be p o s itiv e ly  
correlated to peak ve loc ity  and although the corre lation  was poor ( r  = 0.26) 
i t  was s ig n ific a n t a t the 2-5% le v e l. In the females however no such 
re la tionsh ip  was demonstrated. The positive  corre la tion  seen in the males 
may re f le c t  higher levels of cardiac performance in the face of an 
unchanging peripheral resistance. I t  should be emphasised however th a t 
there was no s ig n ific a n t difference (Unpaired ' t 1 te s t P > 0 .05) between 
the systo lic  blood pressure in  the control and p atien t groups in e ith e r  
males or females (Table 24).
TABLE 24
Mean Blood Pressure mmHg (x )
Standard Deviation (SD)and Standard Error (SE)of Control and P atien t Group
- MALE FEMALE
CONTROL n
x mmHg 
SD 
SE
33
119.2 -t 
15.4 1 
2.7 NS
60 
118.6 -] 
16.3 
2 . 1 MS
PATIENT n
x mmHg 
SD 
SE
42
117.4 J 
21.9 
3.4
14
127.9 -  
41.2 
1 1 . 0
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Furthermore, as there was not a s ig n if ic an t relationship between systo lic  
blood pressure and peak ve loc ity  in the female group the re lationship  a t  
- the present time remains unclear.
The fa c t  that there was no s ig n if ic an t difference in peak ve loc ity  between 
male and female patients may be as a resu lt  of the small female sample 
size of 14. Furthermore, on analysis of female data i t  was found that  
at least one patient (57S) has no electrocardiographic changes ind icative  
of cardiac disease, and also had a normal peak ve lo c ity , a resu lt  which 
weights the mean peak ve loc ity  of the group.
In the male patient group two parameters were s ig n if ic a n t ly  correlated  
with peak ve lo c ity , forearm skin temperature and the Peel's Index. Again 
the lack of significance in the female group is probably due to the 
small sample s ize . The poor positive correlation ( r  = 0.33) between 
skin temperature and peak ve loc ity  was s ig n if ica n t a t the 2-5% le v e l .
Increased sympathetic stimulation induces vasoconstriction in the skin 
blood vessels resulting in increased peripheral resistance, decreased 
peripheral perfusion and a lowered skin temperature. The increased 
peripheral resistance causes a reduction in the pressure gradient leading 
to decreased flow and a reduced peak ve loc ity .
I f  the predicted correlation between skin temperature and peak ve loc ity  
ex is ts , can measurements of skin temperature d i f fe re n t ia te  between the 
control and the patient group in the same manner peak ve loc ity  appears to 
in the male groups? Analysis of the skin temperature recordings (Table 25) 
fo r  the control and patient groups shows there to be no s ig n if ic a n t  
difference (Unpaired 1 t 1 tes t P > 0.05) between the two in e ith e r  male or 
female subjects. Peak ve loc ity  appears to be a more sensitive index 
of cardiovascular dysfunction than the measurement o f skin temperature.
In retrospect a more s ig n if ican t correlation between skin temperature and 
peak ve loc ity  in males and females may have been observed i f  an a lte rn a t iv e  
s ite  for the measurement had been chosen. In the skin there are two types 
of resistance vessels -  a r te r io le s ,  d istributed over most o f the body, 
and arteriovenous anastomoses lim ited to f in g e rt ip s , palms of the hands,
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TABLE 25
Mean Skin Temperature °C (x )
Standard Deviation (SD) and Standard Error (SE) of Control and Patient Groups
MALE FEMALE
CONTROL n n 
5 °C 
SD 
SE
33
33.4 i  
1.1 » 
0.2 NS
60
32.6 1 
1.3 1 
0.2 NS
PATIENT n „ 
x C 
SD 
SE
44
32.8 J 
1.3 
1.2
13
32.4 J 
0.9  
0 . 2
toes, ears, nose and l ip s .  Unlike the a rte r io les  which are not only 
subject to sympathetic a c t iv ity ,b u t  also dependent on other physical 
local fac to rs , including tissue pressure, a r te r ia l  pressure and metabolic 
a c t iv i ty ,  the arteriovenous anastomoses are exclusively under 
sympathetic control. Having thick muscular walls r ic h ly  supplied with 
nerve f ib re s ,  sympathetic stimulation of the anastomoses can completely 
o b lite ra te  the vascular lumen. Due to the greater s e n s it iv ity  of the 
arteriovenous anastomoses, f inger pad temperature may have shown a more 
s ig n if ic an t correlation to peak ve loc ity  than was seen using the forearm 
s ite .
In the male patient group Peel's Index, used in the assessment of the 
c lin ic a l condition, was negatively correlated ( r  = 0.37) with peak ve lo c ity  
with a high degree of significance (0.02 > P > 0 .0 1 ). I n i t i a l l y  the 
resu lt  appears to have c l in ic a l  significance since a high Peel's Index, 
indicative of a poor c l in ic a l s ta te , is  associated with a low peak v e lo c ity .  
This concurs with the hypothesis that peak ve loc ity  can r e f le c t  cardio­
vascular performance. I f  the significance of the correlation between Peel's  
Index and peak velocity  were as obvious as results might in d ic a te , i t  would 
negate the purpose of measuring peak ve lo c ity . However, fu r th e r  consideration  
of Peel's Index imposes certain l im itations  as to i ts  v a l id i ty .  Inspection  
of the results shows there to be a number of fa lse  positive values fo r  the 
Index (Patient 53 S, 11 S) leading to possible erroneous predictions of
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prognosis. A more empiric c r it ic ism  is the subjective nature of the 
c lin ic a l assessment made by the physicians, necessary to evaluate the 
Index. Furthermore, in a recent comprehensive study of 200 patients with 
acute myocardial in fa rc t io n , c l in ic a l  assessment (blood pressure, heart 
ra te ,  skin temperature and renal function) was carried out in  p ara lle l  
with haemodynamic studies (Forrester et a l , 1977;). I t  was found that in 
2 0 % of patients the c l in ic a l  assessment was not confirmed by the invasive 
haemodynamic data.
There was no s ig n if ic a n t difference found between peak ve loc ity  results  
obtained from in farc tion  and non-infarction patients in  males or females. 
This resu lt  may indicate tha t peak velocity  re flec ts  the degree of 
cardiovascular dysfunction, whether this is due to sudden death of cardiac 
muscle or impairment of muscle function as a resu lt  of on going ischaemic 
heart disease.
In the male patient group there was no s ig n if ic an t difference between peak 
veloc ity  results from patients with and without heart f a i lu r e .  This is  
perhaps not surprising since i t  has been shown that about 30% of patients  
who show no c lin ic a l evidence of heart fa i lu re  in  fa c t  have elevated  
pulmonary c ap il la ry  pressures (Forrester e t a l , 1977;). I t  is  therefore  
possible that 30% of the patients in  the 'no heart fa i lu re  group1 in  the 
present study have been m isclassified, producing a falacious re s u lt  of the 
mean peak velocity  fo r  the group.
Physiologically, one might expect patients with heart fa i lu re  to have a 
low peak ve loc ity . Indeed, in  the female patients there is  a s ig n if ic a n t ly  
lower value o f peak ve locity  (0.05 > P > 0.02) in  patients with heart  
fa i lu re  compared to those without heart fa i lu r e .  However, since the female 
sample size is  small (14) compared to the male (44) and s im ila r  results  
were not seen in the male patient group, the.s ignificance of the heart 
fa ilure/non heart fa i lu re  data in  the females is questionable.
Low peak velocity  results may be of value in the prediction o f  
death. In some cases (58S, 36S, 43S), although prediction o f death 
was obvious from adverse c l in ic a l  signs, i t  is  s ig n if ic a n t ,  with 
respect to the hypothesis, that death was associated with low peak 
velocity  resu lts . Of greater potential value, is where low peak
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veloc ity  may predict death in the face of normal c l in ic a l signs, eg patient  
18S who suffered.a small antero-septal in farc tion  and a t the time of 
measurement had a blood pressure of 120/65 mmHg and a heart rate of 64 
but a peak ve locity  of 2 1 . 8  cm sec”  ^ and an associated low skin temperature -  
the patient subsequently died 6  weeks la te r . .  Conversely there are several 
patients who 1iad low ve loc it ies  but were a live  and well a t follow up (24S, 
49S, 41S, 42S). Perhaps i t  is these subjects who require fu rther  
investigation. In order to assess the predictive value of peak ve loc ity  
i t  would be necessary to undertake a large long term study.
One area which has not been f u l ly  investigated in the present study, is  
the e ffe c t  of chemotherapy on peak ve loc ity . Record was made of the 
various medication.of each patient a t  the time of the peak ve loc ity  
recording. However, the complexity of incorporating the drug, dose and 
duration,besides any valuable assessment of drug in terac tio n , made analysis 
of the to ta l drug e f fe c t  on peak ve loc ity  impossible.
An indication as to the value of peak ve loc ity  measurements in the 
monitoring of specific  drugs, has come from the informal study of several 
patients receiving stat.doses of inotropic agents (isoprenaline, dopamine) 
where substantial increases in peak ve loc ity  were recorded. However, since, 
i t  is unethical to withhold medication from the patient in order to assess 
the e f fe c t  of each drug on peak ve lo c ity , i t  can only be stated that the
resultant peak velocity  from a p a tien t, a t a p a rt ic u la r  moment, is
influenced by the in terp lay  of the degree of cardiovascular dysfunction 
and chemotherapy.
In addition to the drug e f fe c t ,  other fac to rs , including the time of the
recording from onset of the pain, the day to day va r ia t io n , the relevance
of time of food intake e tc , have also not been taken into account in the 
analysis of peak ve locity  resu lts . In view of the apparent random 
'nature' of the peak ve locity  measurements i t  is perhaps more remarkable 
that there was a signficant difference in peak ve loc ity  between the male 
control and patient subjects.
8.2 Implications
The question arises as to. what extent the aims and hypothesis of th is  
thesis have been f u l f i l l e d .  The aim was to develop a noninvasive u ltrasonic  
Doppler velocity  technique to te s t  the hypothesis that brachial a rte ry
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peak velocity  may re f le c t  cardiovascular performance and hence be of 
value in the c l in ic a l  assessment and management of patients with 
myocardial dysfunction.
F i r s t ly ,  a technique has been developed which enables the.noninvasive 
measurement.of brachial artery  peak ve loc ity  in 100% of subjects. Secondly 
by showing that there is a s ig n if ic a n t difference between brachial artery  
peak ve loc ity  in the male control group and male patients admitted to the 
Intensive Therapy Unit, with chest pain, the results support the hypothesis 
that peak ve locity  may re f le c t  cardiovascular performance. The f in a l  
statement to be qu a lif ied  is  to the value of peak ve loc ity  to the
physician in the care of the patien t.
I t  is  forseen that the peak ve loc ity  resu lt  w i l l  be considered in  
conjunction with other well established parameters, in order to enhance 
c l in ic a l  assessment and influence management. Due to the painless 
noninvasive and repeatable nature of the technique,serial measurements of 
peak ve loc ity  may prove to be of value in the monitoring of chemotherapy. 
Furthermore, in the long term peak ve lo c ity  results may be a useful index 
in the prediction of death.
8.3 Future Work
In order to assess more accurately the value of peak ve lo c ity ,th e  present 
work must be considered as a p i lo t  study on which more extensive research 
should be based. The undertaking of a large study is of p a r t ic u la r  
importance,since a t  the present time a leading commercial company is  
assessing the techniques developed during the course of th is  work to 
establish the commercial v ia b i l i t y  of a piece of equipment produced to 
measure peak ve loc ity .
The protocol fo r  an extended study would involve techniques and procedures,
s im ilar  to those used in the orig inal work. A forseeable minor change
would be to measure finger pad skin temperature to replace the orig ina l  
forearm s ite .  I t  is proposed to extend the scope of the study by 
including patients with other c ircu la tory  malfunctions such as post-surgical 
hypovolaemia, and perhaps patients in shock other than of cardiogenic 
orig in  -  ie  septacaemic. In view of the non-cardiac nature of the la t t e r  
p a t ie n t , i t  may be necessary to replace Peel's Index with a more general, 
but less subjective assessment of c l in ic a l  condition.
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In ou tl in e , research should continue in f iv e  areas: -
(1) Normal data of peak ve loc ity  should be collected from 300 
control subjects, 150 male, 150 female in specific  age 
groups;
(2) 'One-off' measurements should be made on a categorized
range of patients , as soon as possible a f te r  admission to 
the Intensive Therapy Unit;
(3) In suitable patients , seria l measurements of peak ve loc ity  
could be made a t  the same time on three consecutive days.
Control data collected in a s im ilar  manner would establish  
the expected range of day to day variations in peak ve lo c ity ;
(4) Where applicable,the e f fe c t  of specific  drugs on peak 
velocity  could be studied by seria l measurements taken over 
a short period of time;
(5) F in a l ly ,  follow up studies, in p art icu la r  on cardiac 
patients , may establish a predictive value of peak ve loc ity  
resu lts ,w ith  the p o s s ib il i ty  of peak velocity  measurements 
being incorporated into a screening programme.
8.4 Conclusion
I t  has been the aim of th is thesis to develop a transcutaneous technique 
to quantitate brachial artery  peak ve locity  in order to tes t the hypothesis 
that brachial artery  peak ve loc ity  may r e f le c t  cardiovascular performance 
and hence be of value in the c l in ic a l  assessment and management of patients  
with myocardial dysfunction.
Using a combined pulse-echo and continuous-wave Doppler transducer system 
a technique has been developed which permits a rapid, painless and 
noninvasive assessment, providing an instantaneous on-line  read out of  
brachial artery  peak v e lo c ity .
Brachial artery  peak velocity  measurements obtained from a control group 
of males and females were compared with results from male and female 
patients admitted to the Intensive Therapy Unit of St George's Hospital 
with chest pain and a presumptive diagnosis of acute myocardial in fa rc t io n .  
There was a highly s ig n if ican t difference between mean peak ve loc ity
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results obtained in the control males and females. Furthermore, there 
was found to be a highly s ig n if ic a n t difference between mean brachial 
artery peak ve loc ity  in the male control group and the male patient group. 
The resu lt  supports the hypothesis of this th es is ,th a t measurement of 
brachial a rtery  peak velocity  may r e f le c t  cardiovascular performance.
The lack of significance between peak ve loc ity  in the female groups is  
probably a result, of the small female patient sample s ize . At the present
time fu rth er  research is being undertaken to expand the data pool of
%
results from control and patient groups.
I t  is  forseen tha t brachial a rtery  peak ve loc ity  may be of use to the 
physician as an index of cardiovascular performance in t h e  c l in ic a l  
assessment and management of patients with ischaemic heart disease.
112
Re f e r e n c e s
REFERENCES
1. AHMED, S. S .,  LEVINSON, G. E ., SCHWARTZ, C. J . ,  and ETTINGER, P. 0.
(1972) Systolic time in tervals  as measures of the contrac tile  
state of the l e f t  ventricu lar myocardium in man. C irculation.  
46, 559-569.
2. AMERICAN HEART ASSOCIATION (1970) Primary prevention of the
atherosclerotic diseases. C ircu la tion . 42, A-55.
3. ANDERSON, T. W., NERI, L. C., and SCHREIBER, G. B. (1975) Ischaemic
heart disease, water hardness and myocardial magnesium.
Can. Med. Assoc. J . 113 (3 ) ,  199-203.
4. ARMSTRONG, M. L. (1976) Evidence of regression of atherosclerosis in
primates and man. Postgrad. Med. J . 52, 456-461.
5. BAAN, J . ,  KAHL, F. R., FLINT, 0. F . ,  and SZIDON, J. P. (1972) Peak
acceleration of aortic  flow as an index of myocardial
c o n tra c t i l i ty .  C ircu la tion . 45-46, 11-45 (Abstract).
6 . BAAN, J. (1973) The HI slope of the ballistocardiogram used to compute
indices of myocardial c o n tra c t i l i ty  in man. B ib l. Cardiol.
32, 83-93.
7. BAAN, J . ,  and KAHL, F. R. (1974) Myocardial performance assessed by
peak lin ear acceleration of blood in peripheral a r te r ie s .
B ibl. Cardiol. 34, 19-25.
8 . BAKER, D. W. (1966) Pulsed ultrasonic flowmeter. Methods in Medical
Research. ]_9 107-117.
9. BAKER, D. W. (1970) Pulsed ultrasonic Doppler blood-flow sensing.
IEEE Trans. Sonics Ultrasonics. 17, No 3.
10. BAKER, D. W. and YATES, W. G. (1973) Technique fo r studying the
sample volume of ultrasonic Doppler devices. Med. B io l. Eng. 
11 ,766-770 .
11. BARNES, R. W., HAFFERMANN, M. D., PETERSEN, J . ,  KRUGMIRE, R. B ., and
STRANDNESS, D. E. (1973) Noninvasive assessment of a ltered  
limb haemodynamics and complications of a r te r ia l  ca therization .  
Radiology. 107, 505-511.
12. BARNES, R. W., PETERSON. J. L . ,  KRUGMIRE, R. B ., and STRANDNESS, D. E.
(1974) Complications of Brachial Artery catheteriza tion .  
Prospective evaluation with Doppler ultrasonic ve loc ity  
detection. Chest. 6 6  ( 4 ) ,  363-367.
13. BENCHIM0L, A. (1967) A rte r ia l flow in normal and diseased states.
Proc. of the Twentieth Ann. Conf. on Engineering in Medicine 
and Biology, Boston 6840.458 Vo1.9.
14. BENCHIM0L, A ., MAIA, I .  G., GARTLAN, J. L . ,  and FRANKLIN, D. (1968a)
Telemetry of a r te r ia l  flow in man with a Doppler u ltrasonic  
flowmeter. J. Cardiol. 22, 75-84.
114
15. BENCHIMOL, A ., STEGALL, H. F . ,  MAROKO, P. R ., GARTLAN, J. L . ,  and
BRENNER, L. (1969) Aortic flow velocity  in man during cardiac 
arrhythmias measured with the Doppler catheter flowmeter 
system. Am. Heart J . 78 (5 ) ,  619-659.
16. BENCHIMOL, A ., BARRETO, E. C ., GOLDSTEIN, M. R., and GARTLAN, J. L.
(1970a) Measurement of phasic carotid artery  flow ve loc ity  in 
man. Am. J. Med. 49, 170-174.
17. BENCHIMOL, A ., PEDRAZA, A ., BRENER, L . ,  BUXBAUM, A ., GOLDSTEIN, M .,
and GARTLAN, J. (1970b) Transcutaneous measurement of a r te r ia l  
flow ve loc ity  with a Doppler flowmeter in normal subjects and 
in patients with cardiac dysfunction. Chest. 57 (1 ) ,  69-78.
18. BENNETT, E. D ., SMITHEN, C. S .,  and SOWTON, E. (1971) An assessment
of the haemodynamic a lte ra tions  in acute myocardial in farc tion  
using the systo lic  time in terva ls . Thorax. 26 ( 6 ) ,  632-637.
19. BENNETT, E. D., ELSE, W., MILLER, G. H. H ., SUTTON, G. C ., MILLER, H. C .,
and NOBLE, M. I .  M. (1974) Maximum acceleration of blood from 
the l e f t  ven tr ic le  in patients with ischaemic heart disease.
C lin . Sci. Mol. Med. 49-59.
20. BERANEK, I . ,  MOORE, R ., KIM, S .,  FORMANEK, A ., and AMPLATZ, K. (1976)
Comparison of ejection frac tion  calculated by nine d if fe re n t  
volume calculation methods. Diagnostic Radiology. 120 (3 ) ,  
553-556. 1
21. BERNE, R. M., and LEVY, M. N. (1972) Cardiovascular physiology.
Saint Louis, The C.V. Mosby Company.
22. BERTRAND, E ., BAUDIN, L . , and CHAUVET, J. (1974) Coronary diseases
in the black African. Current c l in ic a l ,  e t io lo g ic  and
epidemiologic features (45 cases). Arch. Mai. Coeur. 67 (12 ),  
1447-1455. “
23. BISHOP, E. H. (1966) Instrument and method : The Doppler u ltrasonic
motion sensor. Obstet. Gynecol. 28, 712-713.
24. BLACKBURN, H. (1976) Concepts and controversies about the prevention
of coronary heart disease. Postgrad. Med. J . 52, 417-423.
25. BLUMENTHAL, S .,  JESSE, M. J. (1974) In: BRAUNWALD, E .,  (ed .)  The
Myocardium fa i lu re  and in fa rc t io n . New York, H.P. Publishing 
Co. Inc.
26. BROCH, 0. 0 . ,  HUMERFELT, S .,  HAARSTAD, J . ,  and MYHRE, J. R. (1959)
Haemodynamic studies in acute myocardial in fa rc t io n . Am.
Heart. J . 57 (4 ) ,  522-529.
27. CHALLONER, A. V. J. (1976) Measurement of cutaneous blood flow by
thermal, optical and radioisotope methods. In: WOODCOCK, J . ,
(ed.) C lin ica l Blood Flow Measurements. Sector Publishing Ltd.
28. CHATTERJEE, K ., and SWAN, H. J. C. (1973) Haemodynamic p ro f i le  of
acute myocardial in farc t io n . In: CORDAY, E .,  and SWAN, H. J. C. 
Myocardial In farc tion . Baltimore, Williams and Wilkins Co.
115
29. CHIMOSKEY, J. E ., GAMS, E ., and HUNTSMAN, L. L. (1974) Peak aortic
and carotid flow acceleration in anaethetised dogs. Am.
Biomed. Eng. 2 , 183-193.
30. CHIMOSKEY, J. E ., FLANAGAN, W. J . ,  HUNTSMAN, L. L . ,  GAMS, E . , and
RUSHMER, R. F. (1975) Correlation of peak aortic  and carotid  
flow acceleration during coronary occlusion in conscious 
baboons. C lin . Sci. Mol. Med. 48, 243-246.
31. CORDAY, E ., and SWAN, H. J. C. (1973) C r i t ic a l evaluation of non-invasive
and invasive techniques used in the diagnosis of myocardial 
in fa rc tio n . In: CORDAY, E .,  and SWAN, H. J. C ., Myocardial 
In fa rc t io n . Baltimore, Williams and Wilkins Co.
32. CORDAY, E .,  and SWAN, H. J. C. (1973) Myocardial In fa rc t io n . Baltimore,
Williams and Wilkins Co.
33. COSTELLO, J . ,  ORTMEYER, C. E .,  and MORGAN, W. K. C. (1975) M orta lity
from heart disease in coal miners. Chest. 67 (4 ) ,  417-421.
34. COVELL, J. W., ROSS, J . ,  SONNENBLICK, E. H ., and BRAUNWALD, E. (1966)
Comparison of the fo rce -ve locity  re la tion  and the measures of 
the contractile  state of the in tac t  heart. Circ. Res. 19,
364-372. —
35. CRAWFORD, T . ,  and CRAWFORD, M. (1967) Prevalence and pathological
changes of ischaemic heart disease in a hard and in a so ft water 
area. Lancet. J., 229-232.
36. CROSS, G., and LIGHT, L. H. (1974) Non-invasive in tra -th o ra c ic  blood
velocity  measurement in the assessment of cardiovascular 
function. Biomed. Eng. £  (1 0 ) ,  464-471.
37. DIAMANT, B ., and KILLIP, T. (1970) In d irec t assessment o f l e f t
ventr icu lar performance in acute myocardial in fa rc t io n .
C ircu la tion . 42, 579-592.
38. DOCK, W. (1973) Is coronary atherosclerosis reversible? In: New
horizons in Cardiovascular p rac tice . University Park Press.
39. DIEM, K ., and LENTNER, C. (eds.) (1966) Documenta Geigy. S c ie n t i f ic
Tables. 7th ed. Basle, Geigy.
40. DOLL, R., and HILL, A. B. (1964) M orta lity  in re la tio n  to smoking :
Ten years observation of B rit ish  doctors. Br. Med. J. Pt. 1, 
1399-1410.
41. DUCK, F. A ., and HODSON, C. J. (1973) A practical method of
eliminating the angular dependence of Doppler flow measurements.
In: Proceedings of the Second World Congress on Ultrasonics  
in Medicine, Rotterdam.
42. DUCK, F. A ., HODSON, C. J . ,  and TOMLINS, P. J. (1974) An oesophageal
Doppler probe fo r  aortic  ve loc ity  monitoring. Ultrasound Med.
Biol. 1, 233-241.
43. ELSE, W., and NOBLE, M. I .  M. (1972) An examination of the mechanism 
of the systolic  quick-release phenomenon in cat cardiac muscle. 
J. Physiol. 224 (1 ) ,  48P-49P.
116
44. ENGER, S. C ., HERBJ0RNSEN, K ., ERIKSSEN, J . ,  and FRETLAND, A. (1977)
High density lipoprotein (HDL) and physical a c t iv i ty  : The 
influence of physical exercise, age and smoking on HDL -  
cholesterol and the HDL -  / to ta l  cholesterol ra t io .  Scand. J . 
Clin . Lab. Invest. 37, 251-255.
45. EPSTEIN, F. H. (1976) Genetics of ischaemic heart disease. Postgrad.
Med. J . 52, 477-480.
46. FIELDER, F. D., and BAKER, R. F. (1969) Diagnostic applications of
Doppler ultrasound. Ultrasonics. 7_, 36-38.
47. FLAHERTY, J. J . ,  STRAUTS, E. J. (1969) Ultrasonic pulse Doppler
instrumentation. Proc of the Eighth In t .  Conf. on Medical and 
Biological Engineering, Chicago 3587.7.
48. FORRESTER, J. S .,  DIAMOND, G. A ., and SWAN, H. J. C. (1977) Correlative
c la s s if ic a t io n  of c l in ic a l and haemodynamic function a f te r  acute 
myocardial in farc t io n . Am. J. Cardiol. 39 (2 ) ,  137-142.
49. FRANKLIN, D. L . ,  BAKER, D. W., ELLIS, R. M ., and RUSHMER, R. F. (1959)
A pulsed ultrasonic flowmeter. IRE. Trans. Med. Electronics.
204-206. ;
50. FRANKLIN, D. L . ,  SCHLEGEL, W., and RUSHMER, R. F. (1961) Blood flow
measured by Doppler frequency s h i f t  o f back-scattered sound. 
Science. 134, 564.
51. FRANKLIN, D. L . ,  VAN CITTERS, R. L . ,  and RUSHMER, R. F. (1962) Left
ventr icu lar function described in physical terms. C irc . Res.
12, 702-711.
52. FRANKLIN, D. L . ,  WATSON, N. W., VAN CITTERS, R. L . , and PIERSON, K. E.
(1964) A miniaturized Doppler ultrasonic blood flowmeter-tel ernetry
system. Proc. of the Seventeenth Ann. Conf. on Engineering in
Medicine and Biology, Cleveland 6840.458 VOL 6 .
53. FRANKLIN, D ., VAN CITTERS, R. L . ,  and WATSON, N. W. (1965a) Applications
of telemetry to measurement of blood flow and pressure in 
unrestrained animals. Proc. Nat. Telemetering Conf. Houston 
6848.17.
54. FRANKLIN, D ., VAN CITTERS, R. L . ,  WATSON, N. W., and KEMPER, W. S.
(1965b) Telemetry of blood pressure and flow from free-ranging  
baboons. - Proc. of the Eighteenth Ann. Conf. on Engineering in 
Medicine and Biology, Philadelphia, 6840.458, VOL 7 .
55. FRANKLIN,' D. L . ,  WATSON, N. W., PIERSON, K. E.,~ and VAN CITTERS, R. L.,
(1966) Technique forrradiotelernetry o f  blood flow ve loc ity  from 
unrestrained animals. Am. J. of Medical E lectronics. _5 (1 ) ,  24-28.
56. FRANKLIN, D ., and VAN CITTERS, R. L. (1968) Applications of
ultrasonic techniques to measurement of blood flow. IEEE Trans. 
Sonics Ultrasonics. SU15.61.
57. FRANKLIN, D ., KEMPER, W. S . ,  and PIERSON, K. E. (1969) Frequency
modulated ultrasound t ra n s it  time technique fo r  measurement of 
f lu id  ve loc ity . Proc. of the Eighth In t .  Conf. on Medical and 
Biological Engineering, Chicago. 3587.7.
117
58. FRANKLIN, D. (1970) Ultrasonic techniques fo r  measurement of blood flow.
Phys. Med. B io l . 15, 175-176.
59. FRIEDLANDER, D. H ., SNELL, A. P. (1975) Acute coronary a rte ry  disease
and oral contraceptives. Aust. N.Z. J. Med. 5_ ( 1 ) ,  12-16.
60. GABE, I .  T . ,  GAULT, J. H ., ROSS, J . ,  MASON, D. T . ,  MILLS, C. J . ,
SCHILLINGFORD, J. P .,  and BRAUNWALD, E. (1969) Measurement of  
instantaneous blood flow velocity  and pressure in conscious:man 
with a ca th e ter-t ip  ve locity  probe. C ircu la tion . 40 (5 ) ,  603-614.
61. GAMS, E . ,  HUNTSMAN, L. L . ,  and CHIMOSKEY, J. E. (1974) Correlation o f
maximum aortic  and carotid flow acceleration in chronically  
instrumented dogs. Circ. Res. 34, 302-308.
62. GANONG, W. F. (1975) Review o f medical physiology. 7th ed. Lange
Medical Publishers.
63. GANZ, W., D0N0S0, R ., MARCUS, H. S . ,  FORRESTER, J. S . ,  and SWAN, H. J. C.
(1971) A new technique fo r  measurement o f cardiac output by
thermo-dilution in man. Am. J. Cardiol. 27, 392-396.
64. GANZ, W., and SWAN, H. J. C. (1973) Measurement of cardiac output by
thermodilution in patients with acute myocardial in fa rc t io n . In: 
CORDAY, E .,  and SWAN, H. J. C ., Myocardial in fa rc t io n . Baltimore, 
Williams and Wilkins Co.
65. GARDNER, W. D., and OSBURN, W. A. (1969) Structure o f  the human body.
Philadelphia and London, W. B. Saunders Company.
6 6 . GAULT, J. H ., ROSS, J . ,  and MASON, D. T. (1966) Patterns o f brachial
a r te r ia l  blood flow in conscious human subjects with and without 
cardiac dysfunction. C ircu la tion . 34, 833-848.
67. GOLDBERG, R. E . ,  SARIN, L. K ., MEYER, D ., and GITTER, K. A. (1967)
Applications o f ultrasonography in ophthalmology. Trans. Am. Acad. 
Ophthalmol. Otolaryngol. 71, 880-888.
6 8 . GORDON, J. W. (1877) On certain molar movements of the human body
produced by the c ircu lation  of the blood. J. Anat. Physiol.
H_, 533-536.
69. GREENE, E. R ., HISTAND, M. B ., and MILLER, C. W. (1975) Ultrasonic blood
flow measurement, transcutaneous compared with implanted cu ff .
Biomed. Sci Instrum. 11, 133-140.
70. GUNNAR, R. M., CRUZ, A .,  BOSWELL, J . ,  CO, B. S .,  PIETREAS, R. J . ,  and
TOBIN, J. R. (1966) Myocardial in farc tion  with shock -  haemodynamic 
studies and results of therapy. C ircu la tion . 33, 753-762.
71. HALL, L. W., and CLARKE, K. W. (1974) Spectral analysis as a method of
quantitative in terpreta tion  of Doppler s h i f t  signals. Cardiovasc. 
Res. £!, 796-800.
72. HAMILTON, W. F . ,  (ed.) (1965) Handbook of Physiology -  C irculation VOL I I I .
Baltimore, Williams and Wilkins Company.
118
73. HAMOSH, P ., COHN, J. N ., ENGLELMAN, K . , BRODER, M. I . ,  and FREIS, E. D.
(1972) Systolic time in tervals  and l e f t  ventr icu lar function in  
acute myocardial in farc t io n . C ircu la tion . 45, 375-381.
74. HANSON, L. P .,  CROSS, G., and LIGHT, L. H. (1976) Beam-angle independent
Doppler ve locity  measurement in superfic ia l vessels. In:
WOODCOCK, J . ,  C lin ical blood flow measurements. London, Sector 
Publishing LtcH
75. HARDING, D. C ., and BAKER, D. N. (1968) Laser Schlieren optical system
fo r  analysing ultrasonic f ie ld s .  Biomed. S c i. Instrum. 4,
223-230. : ~
76. HARRIS, P. L . ,  TAYLOR, L. A ., CAVE, F. D., and CHARLESWORTH, D. (1974)
The relationship between Doppler ultrasound assessment and 
angiography in occlusive a r te r ia l  disease of the lower limbs.
Surg. Gynecol. Obstet. 138, 911-914.
77. HARTLEY, C. J . ,  and COLE, J. S. (1974) An ultrasonic pulsed Doppler
system fo r  measuring blood flow in small vessels. J. Appl. Physiol. 
37 (4 ) ,  626-629.
78. HAUGEN, M. G., FARRALL, W. R., HERRICK, F. F . ,  and BALDES, E. J. (1955)
An ultrasonic flowmeter. Proc. Natn. Electron. Conf. 11, 465-475.
79. HAWKINS, R. I .  (1972) Smoking, p la te le ts  and thrombosis. Nature. 236,
450-452.
80. HEARSE, D. J . ,  STEWART, D. A .,  and CHAIN, E. B. (1975) Diabetes and the
survival and recovery of the anoxic myocardium. J. Mol. C e ll .  
C ardiol. 7 ( 6 ) ,  397-415.
81. HEYDEN, S. (1975) Caffeine, l ip id  metabolism and r isk  o f myocardial
in farc t io n . Leber Imagen Darm. 5^  (1 ) ,  30-33.
82. HILL, D. W., and HOPE, C. E. (1976) Computer techniques in blood flow
measurements. In: WOODCOCK, J . ,  C lin ica l blood flow measurements. 
Sector Publishing Ltd.
83. HISTAND, M. B ., MILLER, C. W., and McLEOD, F. D. (1973) Transcutaneous
measurement o f blood velocity  pro files  and flow. Cardiovasc. Res.
7, 703-712.
84. HODGES, M., HALPERN, B. L . ,  FRIESINGER, G. C ., and DAGENAIS, G. R. (1972)
Left ventricu lar pre-ejection period and ejection time in patients  
with acute myocardial in fa rc t io n . C ircu la tion . 45, 933-942.
85. HOEPKER, W. (1975) Body overweight as a myocardial in farc tio n  risk fac to r .
Med. W elt. 26 ( 6 ) ,  213-218.
8 6 . HOUSTON, J. C . , JOINER, C. L . ,  and TROUNCE, J. R. (1972) A Short Textbook
of Medicine. 4th ed. English Universities Press.
87. HUGENHOLTZ, P. G., ELLISON, R. C ., URSCHEL, C. W., MIRSKY, I . ,  and
SONNENBLICK, E. H. (1970) Myocardial fo rce-ve locity  relationships  
in c l in ic a l  heart disease. C irculation . 41, 191-202.
119
8 8 . HUNTSMAN, L. L . ,  GAMS, E . ,  JOHNSON, C. C., and FAIRBANKS, E. (1975) 
Transcutaneous determination of aortic  blood-flow ve loc ities  
in man. Am. Heart J. 89 (5)» 605-612.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99. 
100.
101.
102.
IMMINK, W. F. G. A ., BEIJERS, H. J. M., BR0UNER, F. A. S . ,  and CHARBON, 
G. A. (1976) Norepinephrine and isoprenaline induced changes of 
peripheral blood flow acceleration caused by changes of cardiac 
.inotropy. Pfldegers Archiv. -  Eur. J. Physiol. 365, 119-127.
ISHIKAWA, K ., BUGGS, H ., SARMA, R ., TILLMANNS, H., FAUVEL, J . ,  GETZEN, J . ,  
JOHNSON, J . ,  and BING, R. (1975) Blood flow ve loc ity  in the 
carotid artery  as a measure o f myocardial c o n tr a c t i l i ty .  Jap. Heart. 
J. JJ5 (1 ) ,  22-35.
JERESATY, R. M., and LISS, J. P. (1968) Effects of brachial artery  
catheterization on a r te r ia l  pulse and blood pressure in 203
patients. Am. Heart J . 76 (4 ) ,  481-485.
JEWITT, D ., GABE, I . ,  MILLS, C., MAURER, B ., THOMAS, M., and SHILLINGFORD, 
J. (1974) Aortic velocity  and acceleration measurements in the 
assessment o f  coronary heart disease. Eur. J. Cardiol. 1 (3 ) ,
299-305.
JOHNSON, S. L . ,  BAKER, D. W., and LUTE, R. A. (1974) Transcutaneous Doppler 
echo-cardiographic measurements o f proximal a o rt ic  blood ve loc ity  in 
man. B ib l. Cardiol. 34 , 12-18.
JOYNER, C. R. (1975) Transcutaneous Doppler detector in  the study of
a r te r ia l  venous flow patterns. Cardiovasc. C l in . 6  ^ ( 3 ) ,  385-399.
JULIAN, D. G. (1973) Cardiology, London, Balli&re -  T in d a ll .
KALMANSON, D., VEYRAT, P .,  WITCHITZ, C . , and WITCHITZ, S. (1974) In: 
RENEMAN, R. S. (ed .) Cardiovascular applications of ultrasound,
New York, E lsevier.
KALMUS, H. P. (1954) Electronic flowmeter system. Rev. Sc i. Instrum.
25 (3 ) ,  201-206.
KANEKO, Z . ,  SHIRAISHI, J . ,  OMIZO, H ., KATO, K ., MOTOMIYA, M ., IZUMI, T . ,  
and OKUMURA, T. (1966) Analysing blood flow with a sonograph. 
Ultrasonics. £ ,  22-23.
KANEKO, Z . ,  SHIRAISHI, J . ,  and OMIZO, H. (1968) Analysis o f u ltrasonic  
blood rheogram by band pass f i l t e r .  AhgiOlOgy. , 19, 10-24.
KANNEL, W. B., THOMAS, R ., DAWBER, KAGAN, A ., REVOTSKIE, N ., and STOKES, J. 
(1961) Factors of r isk  in  the development of coronary heart 
disease -  six year follow-up experience. The Framingham study.
Ann. In tern . Med. 55 ( 1 ) ,  33-50.
KANNEL, W. B ., and FEINLEIB, M. (1972) Natural h istory of angina pectoris
in  the Framingham study. Am. J. Cardiol. 29, 154-163.
KANNEL, W. B .,  and WOOSLEY, P. (1975) Alcohol and cardiovascular r is k .
C irculation. 51 and 52, Sup I I  -  200, 793.
120
103.
104.
105.
106.
107.
108.
109.
110. 
111.
112.
113.
114.
115.
116.
117.
118.
KANNEL, W. B. (1976) Some lessons in cardiovascular epidemiology 
from Framingham. Am. J. Cardiol. 37, ( 2 ) ,  269-282.
KEELE, C. A ., and NEIL, E. (eds.) (1965) Samson Wright's applied 
physiology 11th ed. Oxford University Press.
KEITZER, W. F . ,  and LICHTI, E. L. (1975) Applications of the Doppler
Angiology. 26 (2 ) ,  172-186.
KELMAN, G. R. (1971) Applied cardiovascular physiology.
Butterworks.
KERSHBAUM, A ., BELLET, S .,  DICKSTEIN, E. R ., and FEINBERG, L. J.
(1961) E ffect of c igarette  smoking and nicotine on serum free  
fa t ty  acids. Circ. Res. _9, 631-638.
KEZDI, P .,  STANLEY, E. L . ,  MARSHALL, W. J . ,  and KORDENAT, R. K, (1969) 
Aortic flow velocity  and acceleration as an index of 
ventr icu lar performance during myocardial in fa rc t io n . Am. J. 
Med. Sc i. 257, 61-71.
K0LIN, A. (1936) An electromagnetic flowmeter. Princip le of the 
method and i ts  application to blood flow measurement. Proc.
Soc. Exp. B iol. Med. 35, 53-56.
KREULEN, T. H ., B0VE, A. A .,  McDONOUGH, M. T . ,  SANDS, M. J . ,  and
SPANN, J. F. (1975) The evaluation of l e f t  ven tr icu lar  function
in man -  A comparison of methods. C ircu la tion . 51 , 677-688.
KUZUYAs F . ,  MIZUNO, K ., and KOBAYASH, Y. (1973) Studies on the
peripheral blood flow by ultrasonic Doppler technique. Jpn. 
Circ. J . 37, 747-751.
LEIBOWITZ, J. 0. (1970) The history of coronary heart disease.
London. Wellcome In s t i tu te  of the History of Medicine.
LEWIS, B. (1976) The common hyperlipidaemias. Postgrad. Med. J.
52, 433-437. :
LIGHT, L. H. (1970) Transcutaneous observations of blood ve loc ity
in ascending aorta in man. B ib l. Cardiol. 26 (8 2 ),  214-221.
LIGHT, L. H ., and CROSS, G. (1973) Progress in transcutaneous 
aortovelography. B ibl. C ardiol. 31, 28-33.
LUNT, M. J. (1975) Accuracy and lim itations  of the u ltrasonic  
Doppler blood velocimeter and zero-crossing detector.
Ultrasound Med. B io l . Z 9 1-10.
LUNT, M. J. (1970) The processing of Doppler signals -  Lim itation
of the zero-crossing ratemeter. London University MSc Report.
MARTIN, C. E ., SHAVER, J. A ., THOMPSON, M. E .,  REDDY, P. S .,  and
LEONARD, J. J. (1971) Direct correlation of external systo lic  
time in tervals  with internal indices of l e f t  ven tr icu la r  
function in man. C irculation. 44, 419-431.
121
119.
120. 
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
MASON, D. T . ,  and BRAUNWALD, E. (1963) Studies on d ig i t a l is .
IX effects  o f  ouabain on the non-failing human heart. J. C lin .  
Invest. 42 (7 ) ,  1105-1111.
MASON, D. T. (1969) Usefulness and lim itations  of the rate  of r ise  
of in traven tr icu la r  pressure (dP/dt) in the evaluation of 
myocardial c o n tra c t i l i ty  in man. Am. J. C ardiol. 23, 516-526.
MASON, D. T . ,  GABE, I .  T . ,  GAULT, J. H ., ROSS, J . ,  BRAUNWALD, E .,  
SHILLINGFORD, J. P .,  and MILLS, C ..(1970) Applications of the 
c a th e ter-t ip  electromagnetic ve locity  probe in the study of 
the central c ircu la tion  in man. J. Med. 49, 465-471.
MASON, D. T . ,  BRAUNWALD, E .,  COVELL, J. W., SONNENBLICK, E. H ., and 
ROSS, J. (1971) Assessment of cardiac c o n tr a c t i l i ty .  The 
re la tion  between the rate of pressure r ise  and ven tr icu la r  
pressure during iosvolumic systole. C ircu la tion . 44, 47-58.
MATSUO, H ., NIMURA, Y .,  KITABATAKE, A ., HAYASHI, T. (1973) Analysis 
of flow patterns in blood vessels with the d irectional  
ultrasonic Doppler through a transcutaneous approach. Jpn.
Circ. J. 37, 735-746.
McCARTY, K ., and WOODCOCK, J. P. (1975) Frequency modulated ultrasonic  
Doppler flowmeter. Med. B io l. Eng. 131, 59-64.
McDONALD, D. a . (1974) Blood flow in a r te r ie s . Southampton, The 
Camelot Press Ltd.
McLEOD, F. D. (1967) A directional Doppler flowmeter. Digest of  
the Seventh In t .  Conf. on Medical and Biological Engineering 
Stockholm 3587.7.
MEYER, R. A. (1974) Interaction of ultrasound and biological
tissues -  potential hazards. Pedia tr ics . 54 ( 3 ) ,  266-267.
MICHAELS, L. (1966) Aetiology of coronary a r te ry  disease : An 
histo rica l approach. Br. Heart J . 28, 258-264.
MILLS, C. J. (1972) Measurement o f p u ls a ti le  flow and flow ve lo c ity .  
In: BERGELL, D. H. (ed.) Cardiovascular f lu id  dynamics VOL 1 
London, New York, Academic Press.
MIYAZAKI, M. (1971) Multip le and simultaneous blood flow
measurements by the ultrasonic Doppler technique in man with  
special reference to the c ircu la tory  effects  of induced 
hypertension on internal and external a rte ry  and brachial 
a rte r ie s . Jpn. C ir. J . 35, 405-412;
MJ0S, 0. D. (1977) High density lipoprotein  and coronary heart 
disease. Scand. J. C lin . Lab. Invest. 37, 191-193.
MONTENEGRO, M. R., S0LBERG, L. A. (1968) Obesity, body weight, body 
length and atherosclerosis. Lab. Invest. 18 ( 5 ) ,  594-603.
MORGAN, J. L . ,  KEMMERER, W. T . , and HALBER, M. D. (1969) Doppler 
shifted ultrasound. Minn. Med. 52, 503-506.
122
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
MORRIS, J. N., and CRAWFORD, M. D. (1958) Coronary heart disease
and physical a c t iv i ty  of work. Br. Med. J . Pt i i ,  1485-1496.
NEJAD, N. S .,  KLEIN, M. D., MIRSKY, I . ,  and LOWN, B. (1971)
Assessment of myocardial c o n tra c t i l i ty  from ventr icu lar  
pressure recordings. Cardiovasc. Res. 5^ , 15-23.
NEVERTAL, M ., KUBAT, R ., and PUCALKA, A. (1974) Importance of
ultrasonic ve loc ity  meters fo r  c l in ic a l practice. Rev. Czech. 
Med. 20 ( 4 ) ,  222-232.
NIMURA, Y .,  MATSUO, H ., HAYASHI, T . , KITABATAKE, A .,  MOCHIZUKI, S . ,  
SAKAKIBARA, H . , KATO, K ., and ABE, H. (1974) Studies on 
a r te r ia l  flow patterns -  instantaneous ve loc ity  spectrums and 
th e ir  phasic changes with d irectional ultrasonic Doppler 
technique. Br. Heart J . 36, 899-907.
NOBLE, M. I .  M. (1965) The maximum acceleration of blood in the
ascending aorta: I ts  measurement and significance in re la t io n  
to cardiac performance. London University PhD Thesis.
NOBLE, M. I .  M., TRENCHARD, D . , and GUZ, A. (1966) Left ven tr icu lar  
ejection in conscious dogs. Circ. Res. 19, 139-147.
NOBLE, M. I .  M., STUBBS, J . ,  TRENCHARD, D ., ELSE, W., EISELLE, J. H .,  
and GUZ, A. (1972) Left ventr icu lar performance in the conscious 
dog with chronically denervated heart. Cardiovasc. Res.
6  ( 5 ) ,  457-477.
NUTTER, D. 0 . ,  NOBLE. R. J . ,  and HURST, Y. W. (1971) Peak ao rt ic  
flow and acceleration as indices of ven tr icu lar  performance 
in the dog. J. Lab. C lin . Med. 77 ( 2 ) ,  307-318.
O'BRIEN, W. D., SHORE, M. L . ,  FRED, R. K ., and LEACH, W. M. (1972)
On the assessment of r isk  to ultrasound. Ultrasonics 
Symposia. 486-490.
Office of Population Censuses and Surveys (1977a) DH2 77/1.
Office of Population Censuses and Surveys (1977b) DH1 77/2.
OLIVER, M. F. (1968) The early  diagnosis of ischaemic heart disease. 
Early Diagnosis Paper 5 .
OLSON, R. M. (1974) Human carotid a rtery  wall thickness, diameter 
and blood flow by a non-invasive technique. J. Appl.
Physiol. 37 ( 6 ) ,  955-960.
PARMLEY, N. W., and SONNENBLICK, E. H. (1967) Series e la s t ic i t y  in  
heart muscle. I ts  re la tio n  to contrac tile  element ve loc ity  
and proposed muscle models. Circ. Res. 20, 112-123.
PARMLEY, W. (1973) Evaluation of contrac tile  performance in acute 
myocardial in farc tio n . In: CORDAY, E ., and SWAN, H. J. C.
Myocardial In fa rc t io n . Baltimore, Williams and Wilkins
Company.
123
'149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
PARSI, A. F . ,  SALZMAN, S. H . , and SCHECHTER, E. (1971) Systolic
time in terva ls  in severe aortic  valve disease. C irculation. 
44, 539-547. ;
PEEL, A. A. F . ,  SEMPLE, T . ,  WAND, I . ,  LANCASTER, W. M ., and DALL,
J. L. G. (1962) A coronary prognostic index fo r  grading the 
severity of in farc t io n . Br. Heart J . 24, 745-760.
PERLOFF, J. K., and REICHEK, W. (1972) Value and lim ita tions  of  
systolic  time in tervals  in patients with acute myocardial 
in fa rc t io n . C ircu la tion . 45, 929-931.
PERONNEAU, P. A ., and LEGER, F. (1969) Doppler ultrasound pulsed 
blood flowmeter. Proc. of the Eighth In t .  Conf. on Medical 
and Biological Engineering, Chicago 3587.7.
POMERANCE, A ., and DAVIES, M. J. (1975) The pathology of the heart. 
Blackwell S c ie n t i f ic  Publication.
POPP, R. L . ,  WOLFE, S. B . , HIRATA, T . , and FEIGENBAUM, H. (1969) 
Estimation of r ig h t  and l e f t  ventr icu lar size by ultrasound. 
Am. J. Cardiol. 24, 523-530.
PRAKASH, R., FORRESTER, R. J . ,  PARMLEY, W. W., and SWAN, H. J. C.
(1972) Prognostic implications of l e f t  ventr icu lar stroke 
work index (SWI) in acute myocardial in farc t io n . C lin . Res. 
20, 391.
PUNSAR, S . ,  ERAMETSA, 0 . ,  and KARVONEN, M. J. (1975) Coronary
heart disease and drinking water. A search in 2 Finnish
male cohorts fo r  epidemiologic evidence of a water fa c to r .
J. Chronic P is . 28 ( 5 - 6 ) ,  259-287.
RACKLEY, C. E ., TROY, B ., and POMBO, J. F. (1973) Left ven tr icu lar
dimension and mass determined by echocardiography. In :
CORDAY, E .,  and SWAN, H. J. C ., Myocardial in fa rc t io n . 
Baltimore, Williams and Wilkins Company.
REEVES, T. J . ,  and HEFNER, L. L. (1962) Isometric contraction and
c o n tra c t i l i ty  in the in ta c t mammalian v e n tr ic le .  Am. Heart J. 
64, 525-538. 1
Register General review of England and Wales (1950) HMSO 1952 Tables 
Part 1 Medicine.
Report of a Joint Working Party of the Royal College of Physicians 
of London and B rit ish  Cardiac Society (1976) Prevention of 
coronary heart disease. J. R. Col l .  Physicians (Lond). 10,
(3) .  “
RESSI, J . ,  JANDOVA, R ., STOLZ, I . ,  and WIDIMSKY, J. (1975) Effects  
of physical tra in ing on central haemodynamics and working 
capacity in myocardial in farc t io n . Cor. Vasa. 17 ( 4 ) ,
241-253. —
RIGO, P,. MURRAY, M ., STRAUSS, H. W., TAYLOR, D ., KELLY, D . ,
WEISFELDE, M., and PITT, B. (1974) Left ven tr icu la r  function  
in acute myocardial in farc tion  evaluated by gated scintiphoto­
graphy. C irculation. 50, 678-683.
124
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
RITTENHOUSE, E. A ., MAXINER, W. 9 BURR, J. W., and BARNES, R. W.
(1976) Directional a r te r ia l  flow ve loc ity . A sensitive  
index of changes in peripheral vascular resistance.
Surgery. 70 ( 3 ) ,  350-355.
ROBERTS, V. C. (1974) A review of non-invasive measurement of 
blood flow. Biomed. Eng. 9_, 332-335.
ROBERTS, W. C. (1975) The hypertensive disease. Evidence that  
systemic hypertension is a great risk factor to the 
development of other cardiovascular diseases than previously 
suspected. Am. J. Med. 59, ( 4 ) ,  523-532.
ROBERTSON, W. B ., and STRONG, J. P. (1968) Atherosclerosis in
persons with hypertension and diabetes m e llitu s . Lab. Invest.
Jj8? ( 6 ) ,  538-551 .
ROSE, G. (1972) Epidemiology of ischaemic heart disease. Br. J.
Hos. Med. 7, 285-288.
RUSCONI, C., AROSIO, G., and ORLANDO, G. (1975) Coronary r isk  factors 
and ischaemic cardiopathy in bus drivers and conductors.
Minerva Cardioangiol. 23 (11 ) 9 718-727.
RUSHMER, R. F. (1964) I n i t i a l  ventr icu lar impulse -  a potentia l 
key to cardiac evaluation. C ircu la tion . 29, 268-283.
RUSHMER, R. F . ,  BAKER, D. W., and STEGALL, H. F. (1966) Transcutaneous 
. Doppler flow detection as a non-destructive technique.
J. Appl. Physiol. 21, 554-566.
RUSSELL, J. G. B ., and JONES, V. P. (1973) The uses and possible
hazards of diagnostic ultrasound in medicine. Physiotherapy.
59 ( 9) ,  279-282.
RYLE, J. A ., and RUSSELL, W. T. (1949) The natural h istory  of  
coronary disease -  a c l in ic a l  and epidemiological study.
Br. Heart J . 11, 370-389.
SAMSON, R. (1970) Changes in systo lic  time in tervals  in  acute 
myocardial in fa rc t io n . Br. Heart J . 32, 839-846.
SATOMURA, S. (1957) Ultrasonic Doppler method fo r  the inspection of  
cardiac function. J. Acoust. Soc. Am. 29, 1181-1185.
SATOMURA, S. (1959) Study of the flow patterns in peripheral 
arter ies  by ultrasonics. J. Acoustic. Soc. Jap. 15,
151-158.
SCHILLING, R. S. F. (1970) Coronary heart disease in viscose rayon 
workers. Am. Heart J . 80 ( 1 ) ,  1-2.
SCHETTER, G. (1975) Epidemiology and c lin ic a l  aspects of atherosclerosis. 
Langenbecks Arch. Chir. 339, 153-160.
SCHRIRE, V. (1963) C lin ica l cardiology. London, Staples Press.
SCOTT, R. C. (1975) Diabetes and the heart. Am. Heart J. 90 ( 3 ) ,
283-289.
125
180. SHARRATT, 6 . P ., and CARSON, P. (1975) The prognostic implications
of systo lic  time in tervals  a f te r  acute myocardial in farc t io n .  
Acta. Cardiol. 30 ( 4 ) ,  279-292.
181. SIDE, C. D., and GOSLING, R. G. (1971) Non-surgical assessment of
cardiac function. Nature. 232, 235-236.
182. SIEGEL, J. H ., and SONNENBLICK, E. H. (1963) Isometric time -  tension
relationship as an index of myocardial c o n tr a c t i l i ty .  C irc. 
Res. J2 . ( 6 ) ,  597-610.
183. SIGEL, B ., POPKY, G. L . ,  BOLAND, J. P .,  WAGNER, D. K ., and MAPP, E .,
McD. (1967a) Diagnosis o f venous disease by ultrasonic flow 
detection. Surg. Forum. 18, 185-187.
184. SIGEL, B. POPKY, G. L . ,  BOLAND, J. P .,  WAGNER, D. K . , and MAPP, E.
McD. (1967b) Augmentation flow sounds in the u ltrasonic  
detection o f venous abnormalities. Invest. Radiol. 2,
256-258.
185. SIGEL. B ., POPKY, G. L . ,  WAGNER, D. W., BOLAND, J. P .,  MAPP, E ., and
FEIGL, P. (1968) Comparison of c l in ic a l and Doppler ultrasound 
evaluation o f confirmed lower extremity venous disease.
Surgery. 64 ( 1 ) ,  332-338.
186. SJOGREN, A. L . ,  HYTftNEN, I ,  and FRICK, M. H. (1970) Ultrasonic
measurements of l e f t  ventr icu lar wall thickness. Chest. 57, 
(1 ),. 37-40.
187. SKILTON, J. S .,  and SLANEY, G. (1973) Patient monitoring with
ultrasound. Proc. R. Soc. Med. 6 6 , 1093-1095.
188. SMIRK, F. H. (1972) The prognosis of untreated hypertension and
the advantages of early  treatment. Am. Heart J. 83 ( 6 ) ,
825-840.
189. SONNENBLICK, E. H. (1962) Force-velocity relations in mammalian
heart muscle. Am. J. Physiol. 202, 931-939.
190. SONNENBLICK, E. H ., PARMLEY, N. W., and URSCHEL, C. N:. (1969) The
contractile  state o f the heart as expressed by force ve loc ity  
re la tions . Am. J. Cardiol. 23 ( 4 ) ,  488-503.
191. SPRAGUE, H. B. (1966) Environment in re la tion  to coronary arte ry
disease. Arch. Environ. Health. 13, 4-12.
192. SPAIN, D. M., and BRADESS, V. A. (1970) Sudden death from coronary
heart disease, survival time, frequency of thrombi and 
cigarette  smoking. Chest. 58 ( 2 ) ,  107-110.
193. STARR, I .  (1964) Prognostic value o f ballistocardiograph. J. Am.
Med. Assoc. 187 ( 7 ) ,  511-517.
194. STEGALL, H. F . ,  STONE, N. L . ,  BISHOP, V. S . ,  and LAENGER, C. (1967)
A ca theter-t ip  pressure and ve loc ity  sensor. Proc. o f the
twentieth Ann. Conf. on Engineering in Medicine and Biology,
Boston 6840.458 VOL 9.
126
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
STEIN, P. D. (1972) Velocity and flow measurements by electromagnetic 
techniques. Am. J. C ardiol. 29, 401-407.
STRANDNESS, D. E .,  McCUTCHEON, E. P ., and RUSHMER, R. F. (1966) 
Application of a transcutaneous Doppler flowmeter in  
evaluation of occlusive a r te r ia l  disease. Surg. Gynecol. 
Obstet. _122, 1039-1045.
STRANDNESS, D. E .,  SCHULTZ, R. D ., SUMNER, D. S . ,  and RUSHMER, R. F. 
(1967a) Ultrasonic flow detection. A useful technique in the 
evaluation of peripheral vascular disease. Am. J. Surg. 113, 
311-320.
STRANDNESS, D. E .,  and SUMNER, D. S. (1967b) Application o f the
ultrasonic flow detector to the study of a r te r ia l  and venous 
disease. Proc. of the Twentieth Ann. Conf. on Engineering in 
Medicine and Biology, Boston. 6840.458 VOL 9. ■
SUMNER, D. S . ,  BAKER, D. W., and STRANDNESS, D. E. (1968) The
ultrasonic ve loc ity  detector in a c l in ic a l study of venous 
disease. Arch. Surg. 97, 75-80.
SWAN, H. J. C., and GANZ, W. (1973) The use of balloon-tipped flow- 
directed catheters in monitoring patients with acute myocardial 
in fa rc t io n . In: CORDAY, E .,  and SWAN, H. J. C. Myocardial 
In fa rc t io n . Baltimore, Williams and Wilkins Company.
TAYLOR, R. R., ROSS, J . ,  COVELL, J. W., and SONNENBLICK, E. H.
(1967) A quantitative analysis of l e f t  ven tr icu la r  myocardial 
function in the in tac t  sedated dog. Circ. Res. 21, 99-115.
TOLONEN, M., HERNBERG, S .,  NURMINEN, M., and TIITOLA, K. (1975)
A follow-up study of coronary heart disease in viscose rayon 
workers exposed to carbon disulphide. Br. J. Ind. Med. 32, 
( 1) ,  1- 10.
TOMASINI, M., CHIAPPINO, G., and SPOTTI, D. (1974) Coronary heart 
disease in workers re t ire d  from a viscose rayon p lant.
Med. Lav. 65 (9 -10) ,  368-378.
TOUTOUZAS, P ., GUPTA, D., SAMSON, R ., and SHILLINGFORD, J. (1969)
Q. second sound in terva l in acute myocardial in fa rc t io n .
Br. Heart. J . 31 , 462-467.
TRUSWELL, A. S. (1976) Diet in  the pathogenesis of ischaemic heart 
disease. Post-grad. Med. J . 52, 424-432.
TUNSTALL-PEDOE, T. (1974) Doppler blood velocity  studies in  patients  
with unstable regurgitation. Br. Heart J . 36 ( 10) ,  1034.
UTHER, J. B ., PETERSON, K. L . ,  SHABETAI, R ., and BRAUNWALD, E.
(1973) Measurement of ascending ao rt ic  flow patterns in  man.
J. Appl^ Physiol. 34 ( 4 ) ,  513-518.
VAN CITTERS, R. L . ,  and FRANKLIN, D. L. (1967) The Doppler u ltrasonic  
telemetry flowmeter, applications in animal experiments. Proc. 
of the Twentieth Ann. Conf. on Engineering in Medicine and 
Biology, Boston.6840.458 VOL 9.
127
209.
210.
211.
21 2 ..
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
VAN DEN BOS, G. L . ,  ELZINGA, G ., WESTERHOF, N., and NOBLE, M. I .  M.
(1973) Problems in the use of indices o f myocardial 
c o n tra c t i l i ty .  Cardiovasc. Res. 7, 834-848.
VERTIN, P. G. (1975) The occurrence of heart and coronary disease 
in a rayon factory. In t .  Arch. Occup. Environ. Health.
35 ( 3 - 4) ,  279-290. 7
WALD, N., and HOWARD, S. (1975) Smoking, carbon monoxide and 
a r te r ia l  disease. Ann. Occup. Hyg. 18 ( 1 ) ,  1-14.
WEARN, J. T. (1923) Thrombosis of the coronary a r te r ie s ,  with
in farc tion  of the heart. Am. J. Med. S c i . 165, 250-276.
WEISSLER, A. M., HARRIS, W. S . ,  and SCHOENFIELD, C. D. (1968)
Systolic time in terva ls  in h e a rt^ fa ilu re , in  man. C irculation .  
37 ( 2 ) ,  149-159. "
WEISSLER, A. M., HARRIS, W. S .,  and SCHOENFIELD, C. D. (1969)
Bedside techniques fo r  the evaluation of ventr icu lar function 
in man. Am. J. Cardiol. 23, 577-583.
WELLS, P. N. T. (1969) A normogram fo r  the calculation of Doppler
frequency s h i f t .  U ltrasonics. 7_, 18-19.
WELLS, P. N. T. (1975) Ultrasonic diagnostics- a look into the
future. Biomed Eng. 10 ( 7 ) ,  247-251.
WERTHEIMER, L. (1973) Non-invasive techniques in the diagnoses and 
management of acute cardiac problems. Med. C lin . N. Am.
57 ( 6 ) ,  1491-1501.
WIGGERS, C. J. (1921) Studies on the consecutive phases of the
cardiac cycle; I I .  The laws governing the re la t iv e  duration 
of ventricu lar systole and d iasto le . Am. J. Physiol. 56, 
439- 459. ;
WILLE, S. (1977) A computer system fo r  on-line decoding of ultrasonic  
Doppler signals from blood flow measurements. Ultrasonics.
1£ (5 ) ,  226-230.
WHIPPLE, G. H ., PETERSON. M. A ., HAINES, V. M ., LEARNER, E .,  and 
McKINNON, E. L. (1972) Acute coronary care , Boston, L i t t l e ,  
Brown and Company.
WHITNEY, R. J. (1953) The measurement of volume change in human 
limbs. J. Physiol. 121, 1-27.
WRIGHT, B. M. (1973) A portable ballistocardiograph. B ib l. Cardiol. 
33, 72-75.
YAO, S. T . , HOBBS, J. T . ,  and IRVINE, W. T. (1968) Pulse examination 
by an ultrasonic method. Br. Med. J . 4-, 555-557.
YAO, S. T . ,  HOBBS, J. T . ,  and IRVINE, W. T. (1969) Ankle systo lic  
pressure measurements in a r te r ia l  disease a ffec ting  the 
lower extrem ities. Br. J. Surg. 56 ( 9 ) ,  555-557.
128
225.
226.
YAO, S. T . ,  and NEEDHAM, T. N. (1970a) Frequency analysis of
Doppler s h i f t  blood flow signals by a band-pass f i l t e r  -  
preliminary report. Biomed. Eng. 5_, 438-442.
YAO, S. T . ,  G0URM0S, C ., HOBBS, J. T . ,  and IRVINE, W. T. (1970b) 
Evaluation of occlusive a r te r ia l  disease of the lower 
extremities by an ultrasonic flow detection technique 
Scand. J. Cardiovasc. Surg. 4, 60-64.
129
Ap p e n d ic e s
APPENDIX A
CONTROL DOPPLER STUDY QUESTIONNAIRE
Personal Data
Date: Time: Pt No:
Weight (kgs):  
Smoker:
Name: Age:
Blood Pressure:
Sex:
Pulse:
Skin Temp °C:Time la s t  meal:
Past Medical History:
Any diagnosed cardiovascular disorder:
Family history o f cardiovascular disorder:
Drugs:
Accept/Reject as con tro l:
Recorded Data 
Time of recording:
Tape No: From: To:
Av Peak Velocity/50 Beats cms”^
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APPENDIX B
PATIENT DOPPLER STUDY QUESTIONNAIRE
Personal Data 
Date:
Name:
Date o f episode:
Blood Pressure:
In i t i a l  Diagnosis:
Current chemotherapy:
Recorded Data
Tape No: From:
Time:
Age:
Hospital No: 
Pulse:
Pt No: 
Sex: 
Smoker: 
Skin Temp
Av Peak Velocity/50 Beats cms” ^
Peel's Coronary Prognostic Index
APPENDIX C
P e e l's  Coronary P rogn ostic  Index
Name: P a t ie n t  No:
Score Score P a tie n t
Sex and Age:
Men, 54 o r  under 
55-59  
60-64
65 or over
0
1
2
3
Women, 64 o r  under 
65 or over
2
3
Previous H istory;
Previous card iac  in f a r c t
Other ca rd io v a scu la r  d is e a se s  or h is to r y  o f  ex er tio n a l dyspnoea 
Angina on ly
No ca rd io v a scu la r  d is e a se
6
3
1
0
Shook:
Absent
Mild -  tr a n s ie n t  a t  o n se t
Moderate  ^ p resen t on adm ission but su b sid in g  w ith r e s t  and sed a tio n  
Severe -  p e r s is t in g  d e sp ite  r e s t  and sed a tion
0
1
5
7
F ailu re :
Absent
Few basal r a le s  on ly
Any one or more o f  th e  fo llo w in g : b r e a th le s sn e s s ;  acu te  pulmonary oedema; 
orthopnoea o r  dyspnoea; g a llo p  rhythm; l i v e r  enlargem ent; oedema or  
ju g . ve in  d is te n s io n
0
1
4
-
Electrocardiogram:
Normal QRS. Changes con fin ed  to  R-T segment o r  T wave 
QR complexes
QS complexes or bundle-branch block
( i f  no e lec trocard iogram  o b ta in ed , mark 4) .
1
3
4
Rhythm:
Sinus
Any one o r  more o f  the fo llo w in g : A .F , 
p e r s is t in g  sim ple tach ycard ia  (110 or  
rhythm o r  heart b lock
f l u t t e r ,  paroxy, ta ch ycard ia , 
m ore), 'freq u en t E .S . ,  nodal
0
4
TOTAL PATIENT SCORE = PROGNOSTIC INDEX
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APPENDIX D
Abbreviations of Drugs
A - Acebutalol
AD - Atromid
AM - Ami!oride
B - Bendroflurazide
C - Cl o fib rate
CL - Clonidine
D - Digoxin
DF - Dihyrocodeine
Di - Diamorp trine
DP - Dopamine
F - Frusemide
G - Gentamyacin
GTN - Glyceryl T r in i t ra te
H - Heparin
I - Isosorbide
L - Lignocaine
M - Metronidazole
MD - Methyl Digoxin
MX - Mexi1i tene
N - Nitrazepam
0 - Omnopom
OX - Oxyprenolol
P - Propranolol
PR - Procainamide
S - Slow k
SL - Stemetil
W - Warfarin
V - Valium
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